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FOREWORD

Contract NAS7-473, "System Analysis of Gelled, Space-Storable Propel-

lants," is being performed by the Aerojet-General Corporation at Sacramento,

California. This interim report describes accomplishments for the first year

of the contract, from May 1966 through April 1967.

The first year's effort was performed by the Experimental Engine

Division, Mr. D. E. Price, Manager. The Aerojet Program Manager was

Mr. D. N. Lonon and Mr. F. W. Childs was the Project Engineer. Contributing

to this report were:

R. E. Anderson

F. W. Childs

P. F. Farr

P. S. Gakle

A. L. Karnesky

R. E. McFarland

R. Mironenko

D. L. Reid

J. V. Smith

W. V. Timlen
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The NASA project manager for Contract NAS7-473 is Mr. J. Suddreth,

NASA Headquarters, OART; the NASA technical manager is Mr. D. L. Young of

the Jet Propulsion Laboratory.
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I. INTRODUCTION

A. OBJECTIVE

The objective of this study was to establish the systems aspects

of the use of gelled, space-storable propellants in spacecraft engine systems.

The effort was directed toward assessing the potential of this type fluid and

identifying the design requirements. The analysis considered passive stor-

ability, zero gravity control, expulsion, sloshing, ignition, multiplicity of

restarts, propellant utilization, throttlability, performance, heat transfer,

and other system design aspects.

Gelled (non-metalized) propellants are of interest because of

preliminary indications that gelling liquid propellants for use on space missions

may provide several system advantages. Zero-g propellant position control may

be obtainable by gelling so that positive expulsion devices can he eliminated.

Liquid sloshing forces, which would impair system performance, may be signifi-

cantly reduced by gelling. Gelling the propellants may allow the use of

lamlnar-flow injectors which can be deep throttled with less loss of pressure

drop than in laminar Newtonian flow. The hazards accompanying a cryogenic

propellant spill can be greatly reduced by gelling, which will both confine

the spill to its original location and greatly reduce its rate of vaporization,

the latter minimizing the toxicity and fire problems.

B. APPROACH

The study was divided into four technical tasks: preliminary inves-

tigation, preliminary analysis, component design analysis, and system design

analysis.
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I, B, Approach (cont.)

i. Task 1--Preliminary Investigation

The preliminary investigation consisted of (i) reviewing

existing available information regarding gelled propellantS, (2) defining the

desirable characteristics of gelled propellants, (3) comparing the character-

istics of available gelled propellants with the previously defined desirable

characteristics, (4) selecting the most suitable gelled propellant combination

for use in the Task II, III, and IV efforts, and (5) suggesting possible

modifications that might be made to the propellants to make their properties

more closely approach those of the desirable characteristics.

2. Task ll--Preliminary Analysis

Utilizing the propellants selected in Task I, the preliminary

analysis consisted of (i) investigating the effects of long-term (up to two

years) space storage, (2) comparing the pressure drops in a gelled propellant

system with those of the neat fluids, (3) analyzing the effects of heat

transfer on the thixotropic properties of the selected propellants, and (4)

analyzing the fluid flow transient conditions encountered with the use of

gelled propellants.

3. Task lll--Component Design Analysis

Using the selected propellants, the component design analysis

consisted of (i) investigating the available means of propellant expulsion and

control, (2) investigating methods of flow control and determining the effects

of gelled propellant on flow rate, response time, pulse width, pulse width

control, repeatability, etc., (3) investigating means of throttling rocket

engines and determining the most suitable method, (4) determining the effects

on injector design due to the use of gelled propellants, and (5) analytically

determining the vacuum performance of the propellants.
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I, B, Approach (cont.)

4. Task IV--System Design Analysis

On the basis of the results of the preceding tasks, a pre-

llminary design analysis was made for three propulsion systems using gelled

propellants to perform (i) Lunar Descent Mission from orbit to surface with a

17,500-ib propellant capacity, (2) Lunar Ascent Mission into orbit from surface

with a 5000-1b propellant capacity, and (3) Space Probe Mission with a

13,000-1b propellant capacity, which can provide a 7500 ft/sec ideal velocity

increment after a 15-month space storage.

From a systems aspect, a summary of the advantages and dis-

advantages for the use of gelled propellants was prepared for each mission

studied.

C. TERMINOLOGY AND DEFINITIONS

A Glossary of Rheological* Terms (ASTM D 2507-66T) is provided as

Appendix A to clarify the meanings of the terms used to describe non-Newtonian

flow. Most gels are shear-thinning fluids which are pseudoplastlc (non-tlme-

dependent) or mildly thixotroplc (time-dependent thinning). Usually the

shear-thinning characteristic of the gel (not time-dependent) is the dominate

flow property, and the thixotropic property is minor or nonexistent. The

latter case is defined as the shear-thinning pseudoplastic. To refer to gels

in general as thlxotropic or thixotropes is misleading and often wrong in light

of the definitions adopted in ASTM D 2507-66T.

Although stated in somewhat different terms in the Glossary,

shear-thlnnlng refers to the phenomlna in which the ratio of shear stress

*Rheology-The science treating the deformation and flow of matter.
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I, C, Terminology and Definitions (cont.)

to shear rate of the gel decreases as the flow rate increases (laminar flow

only). In laminar, Newtonian-flow, the ratio of shear stress to shear rate

is the viscosity. Often the Newtonian parameters for viscosity are applied

to gelled propellants, but are termed "apparent viscosity." The term "apparent

viscosity" is used describing macroscopic flow behavior for gels in comparison

to Newtonian fluids but has no derivation or correlation with Newtonian flow

theory.

Thus, to define shear-thinning in less correct but more under-

standable terms, the laminar "apparent viscosity" decreases as the flow rate

(shear rate) increases. This is an important characteristic of gelled propel-

lants and is discussed in detail in relation to deep throttling systems.

D. REPORT FORMAT

Most of this study is reported in Volume I of this report

(UNCLASSIFIED volume). Classified data, including abstracts from the gel tech-

nology literature review, are reported in Volume 2 (CONFIDENTIAL volume). The

introductory section is identical in each volume.

E. NOMENCLATURE FOR SUBJECT GELS

The properties of gelled OF 2 were estimated wherever possible from

cryogenic gel data. This propellant has been designated GOF2-EI, "G" for gelled

and "El" for estimate one. Most of the properties of GMMH-SI ("SI" for simulant

one) were taken from data for gelled MHF-3. Since MHF-3 is 86% MMH and 14% N2H4,

it was assumed that the properties would be very similar for GMMH. The terms

estimate and simulant are an indication of data confidence.

It was anticipated that simulant-two or estimate-two propellants

might become necessary as the work developed. GOF2-E2 (9.2% CIF 5 gelling agent)

later replaced GOF2-EI (3.4% LiF) but the same basic physical properties were

estimated so they can be used interchangeably with respect to density, freezing

point, yield stress_ flow properties, etc.
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II. SUMMARY

A. TASK I --PRELIMINARY INVESTIGATION

i. Literature Review

A literature search was made for gelled propellant technology.

Approximately 400 technical reports were surveyed to determine those most

applicable to the areas of interest on this contract. Reports on ungelled

propellants were not considered of interest except for comparison where the

same propellant system has been gelled. Of the above reports, half were

considered directly useful to this contract and these have been abstracted.

The abstracts are included in Volume 2, Appendix A. The report Bibliography

appears as Appendix B in Volume 1.

2. Definition of Desirable Propellant Characteristics

Desirable gelled propellant characteristics were defined

from a systems aspect for four main areas: performance, storability, rheo-

logical properties, and logistics.

The desired performance was the same as for neat propellants:

high specific impulse and bulk density, low combustion and expansion losses,

and smooth, hypergolic ignition.

Storability requirements were similar to those of neat pro-

pellants, i.e., a wide liquid range and good material compatibility, with the

added requirements for gels of minimum gel separation, bulk growth and slosh-

ing, good zero gravity position control (without positive expulsion) and

micrometeoroid puncture leak-sealing capability.
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II, A, Task I--Preliminary Investigation (cont.)

The desired rheological properties of gelled propellants
provided the most obvious examplesof conflicting demandscaused by this

approach to alleviate someof the problems typical of neat propellants:

(i) High yield stress for good slosh, position and mechanical

stability against low yield stress for low line pressure drops.

(2) A gel residue capable of cementing over micrometeoroid

punctures as opposedto no residue in the injector manifold and orifices when

restarting in space.

Thus, rheological properties will involve tradeoffs which will

usually sacrifice somepressure drop to reduce slosh and eliminate positive

expulsion devices and will maintain free flowing restartable injectors as a

primary necessity.

Desired handling requirements were the sameas those for neat

propellants with regard to toxicity, contamination sensitivity, flammability

and shock hazard. Desired utilization requirements were also similar to neat

propellants, except that a cohesive (nonwetting) property was added.

Desired logistics were the sameas for neat propellants: low

cost and readily available, plus the addedminimummixing requirement.

3. Propellant Evaluation

The comparison of the actual gelled propellant properties with

the desired or "ideal" gelled propellant properties was rather unsatisfactory

because of the lack of actual data for most space-storable propellants. The

problem becomes apparent when looking at Table 2 of Volume 2, Appendix A.
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II, A, Task I--Preliminary Investigation (cont.)

Most of the individual propellant effort has gone into metalized earth storables

and even for them the only gelled propellant which is really well characterized

is Alumizine. In general, much of the storable effort appears to have been

diluted by trying many gelling agents with many propellant s while developing

gel technology. With the basic gel technology partially developed and some

data for cryogenic gels available, the system design work from this contract

should help select the areas in which further gel development should be

concentrated. It will also show any unexpected effects of properties on

system designs.

4. Propellant Selection

On the basis of previous neat propellant performance analyses

for the three missions of interest, seven representative, high performance

propellant combinations were selected for evaluation asgelled propellants.

Each propellant was assumed to be gelled with what appeared, at the time, to

be the most suitable gelling agent for that particular propellant, and theoretic

performance calculations were made. Using an abbreviated interaction theory

analysis, the delivered (predicted) performance for each propellant combination

was estimated and used in a mission performance calculation along with system

hardware characteristics that were based on previous studies of the three

missions, Lunar Descent, Lunar Ascent, and Space Probe. The mission performance

calculation rated the propellants by the fraction of payload-weight to vehicle-

launch-weight.

The best performing propellant combinations for the Lunar

Missions were gelled LF2/LH 2 and gelled LF2/N2H 4 blend*. For the Space Probe

Mission, the best mission performances were obtained with gelled LF2/N2H 4

blend* (if storable) and gelled OF2/B2H 6. The former combination owed its high

mission performance to the assumption that 15-month space storability of gelled

LF 2 could be obtained without boiloff.

*67% N2H 4 + 24% MMH + 9% H20
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II, A, Task 1--Preliminary Investigation (cont.)

The propellant combination selected for the system analysis

and design tasks in the remaining three quarters of this contract is gelled

OF2/MMH.A comparative performance analysis, space storability, and current
gel development activity were the selection criterion. The selected propel-

lants were assumedto be gelled with 3.4%LiF for the OF2* and 1%Colloid 8010"*

for the MMH. Later the OF2 gelling agent was changed to 9.16% of frozen sub-

micron particles of CIF5 to improve performance and avoid residue problems.

5. Suggested Properties Modification

The method of modifying the properties of a gel always comes

back to making some kind of a change in the gelling agent, either by changing

agents, increasing or reducing its concentration, changing its particle size

or distribution of sizes if it is a particulate agent, or by combining more

than one agent to get specifically desired properties. Unfortunately, while

basic trends are known, the determination of the best gelling agent is

essentially a trial and error task.

B. TASK II--PRELIMINARY ANALYSIS

i. Selected Propellant Properties

Both physical and rheological properties were selected for

gelled OF 2 and gelled MMH. Whenever possible, actual measured values were

used. In other cases the properties of the neat propellants were corrected

for the addition of the gelling agent. In a few cases, it was necessary to

estimate properties from similar propellants, such as MHF-3 for MMH and LO 2

and LN 2 for OF 2.

*OF 2 gelling with LiF particles was in progress under Contract NAS 3-6286,

Gelling of Cryogenic Oxidizers, Reaction Motors, Denville, New Jersey.

**Colloid 8010, a modified galactomannan from Stein, Hall & Co., New York,

New York. Metalized MMH gelling under Contracts: NOw 65-0575-c, NOw 63-0740-c,

etc.
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II, B, Task ll--Prellminary Analysis (cont.)

2. Comparative Pressure Drops

Pressure drops were compared for typical pressure-fed

propulsion systems using neat and gelled propellants. System pressure drops

were estimated on the basis of very incomplete data. The pressure drops for

the gels were arbitrarily taken to be 50% higher to assure an adequate

allowance.

3. Long-Term Storage

Long-term storage of the selected propellants was investigated

under four categories: liquid-gel separation, bulk growth, effect of aging on

yield stress, and material compatibility. Similar properties for related

propellants were reviewed and discussed. It was concluded that (I) liquld-gel

separation would be less of a problem in space than on earth (low gravity),

(2) bulk growth should not be a problem in the nonmetalized propellants (little

contamination), and (3) material compatibility is not affected by gelling the

propellants (inert or similar gelling agent). Change in yield stress with

time is considered a potential problem.

4. Heat-Transfer Effects

The regenerative-cooling potential of gelled propellants was

estimated from some inconclusive alumizine tests. Temperature gradients

across space-stored spherical, gel-storage tanks were calculated, and the

thermal protection required to prevent OF 2 from boiling off or MMH from

freezing was estimated.

5. Fluid-Flow Transients

A method was developed for simulating the non-Newtonian flow

of gelled propellants in the 109 Engine Transient Computer Program. Typical
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II, B, Task ll--Prellminary Analysis (cont.)

transients are showncomparing performance of an Apollo-type engine with gelled

and ungelled propellants. It was concluded that differences in starting, stop-

ping, and throttling transient performance between gelled and neat propellants

were minor and, if desired, could be easily eliminated by changes in the timing
or characteristics of the valves.

C. TASKIll--COMPONENTDESIGNANALYSIS

i. Propellant Expulsion and Control

a. General

The effect of gelling the propellants was considered for

the operation and selection of positive expulsion devices, the weightless

equilibrium propellant position, and expulsion efficiency. Positive expulsion

diaphragms, bellows, etc., should operate as effectively with gels as with

neat (non-gelled) propellants. Gel structure will maintain gel position

during weightlessness and against low adverse acceleration (0.1g) unless

vibration effects it significantly. Contoured tank bottoms have demonstrated

high expulsion efficlencies, but may possibly be avoided if full-scale outlet

baffles prove effective.

b. Gel Slosh Tests

Slosh tests were performed with neat water and water

gelled with 0.27% Carbopol 940 (an organic gelling agent) and 5.2% Santocel Z

(sub-micron SiO 2 particles). Resonant frequencies were determined for each

fluid in an 18-in.-dla acrylic tank suspended from two long cables. Tests

were performed with the tank 30 and 70% full. The resonant frequencies for

the gels occurred at higher values than for water and their slosh modes
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II, C, Task lll--Component Design Analysis (cont.)

differed from water and each other. Gel motion decayed in two cycles or less

compared to 30 to 40 cycles for water. Superimposed high frequency (5 to i00

cps) did not appear to affect the gel slosh modal behaviors.

c. Screen Containment and Expulsion Tests

The water gels used in the slosh tests were also used for

the containment and expulsion tests. The gels were contained by and expelled

through several screens ranging from 18 to i00 mesh. Screens appear to be

suitable for containing gels against several g's acceleration, but expulsion

efficiencies through screens were very poor because the pressurizing gas

cored through the gels to the outlet.

A baffle across the gel outlet of a flat-bottomed tank

reduced the residual to 50% or less of that left by expulsions without

baffles in the tank.

2. Flow Control

The use of gelled OF 2 and gelled MMH requires no innovations

in systems or controls. It was concluded that the controls for gelled propel-

lants would be essentially the same as those for the neat liquid propellants.

Leakage will not be aggravated by the use of gelled propellants without metal

additives and may in fact be less of a problem than with liquids. The use of

gelled propellant for valve actuation is possible; however, bleed-in and

cleaning will be more difficult. Decontamination and cleaning of controls is

a potential problem especially for particulate gelling agents.* Experience

to date indicates that proper internal design and contouring of parts in

conjunction with use of a suitable solvent will minimize cleaning difficulties.

*Particulate gelling agent: submicron particles of a solid material.
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II, C, Task lll--Component Design Analysis (cont.)

3. Injector Design and Throttlin_

Preliminary designs were made for conventional triplet

injectors for the fixed thrust and shallow throttling missions_ single-

thrust-chamber space probe, lunar ascent, and three-thrust-chamber space

probe. A momentum exchange triplet injector was designed for the deep

throttling (ll:l) lunar decent mission. The triplet pattern was selected

on the basis of the availability of gel test data so that a comparative per-

formance analysis could be performed. Advanced injection concepts such as a

laminar flow, HIPERTHIN platelet injector, or a gas-gas combustion cycle are

considered more desirable than the triplet configuration analyzed, but no non-

metalized gel performance data were available for either of these concepts.

4. Performance

Predictions of delivered performance were made for neat and

gelled OF2/MMH in four thrust chamber designs using the "Interaction Theory"

method of analysis. The predicted performance of (OF 2 + 3.4% LiF) and

(OF 2 + 9.16% CIF5) with (MMH + i% Colloid 8010) were calculated for both

the present triplet injectors for which the preliminary designs were made

and the future platelet injector concept.

A nominal chamber pressure of i00 psia was used for each

thrust chamber and a minimum length Rao (bell) nozzle was used with an exit

expansion ratio of 40:1.

The predicted future performance at i00 psia ranged from

366.9 sec (92.49%) for the 13,000 ibf chamber to 350.0 sec (88.24%) for the

2670 ibf chamber for the neat propellants. Gelling the propellants reduced

the predicted specific impulse by about 2.4-2.5% for OF 2 gelled with inert

*Shallow throttling, 3:1 or less.
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II, C, Task lll--Component Design Analysis (cont.)

LIF but only reduced the performance by about 1.2-1.4% with the energetic

CIF 5 gelling agent in the OF 2. Approximately three times the expected require-

ments of CIF 5 was used to insure a conservative calculation in lleu of test

data for the particular propellants.

D. TASK IV--SYSTEM DESlGN ANALYSlS

Preliminary system designs were made for a lunar descent and lunar

ascent mission to compare payload capabilities using neat (non-gelled) and

gelled, but not metalized, OF2/MMH. Several designs were analyzed for each

mission to determine the effect of advanced injector concepts and the amount

of CIF 5 gelling agent in the OF 2 on the delivered payload. Conventional

orificed injectors were compared with HIPERTHIN platelet injectors and 3.05

and 9.16 wt% frozen CIF 5 particles were used to gel the OF 2. These gels were

designated GOF2-E2 and GOF2-E3 , respectively. The lunar descent and lunar

ascent designs are discussed in Volume 2 of this report.

For the space probe mission, preliminary designs were made for a

single engine configuration and a shallow-throttling three-engine configuration.

As with the lunar missions, HIPERTHIN platelet injector concept was compared

with conventional orificed injector and the effect of gelling agent (CIF5) con-

centration in the OF 2 was investigated. In each instance, a comparison was

made between the gelled OF2/MMH delivered payload to evaluate overall system

performance.

The HIPERTHIN platelet injector concept is proprietary to the

AeroJet-General Corporation and patents have been applied for.
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III. TECHNICAL DISCUSSION

A. TASK 1--PRELIMINARY INVESTIGATION

i. Literature Review

Hand and computer searches for gelled propellant information

were made of the Aerojet-General Technical Library at Sacramento and the

Corporate Technical Information Center (Von Karman Center, Azusa), Chemical

Propellant Information Agency (CPIA), Defense Documentation Center (DDC), and

National Aeronautics and Space Administration (NASA).

Nearly i000 references were initially obtained in the liter-

ature review. A quick screening of abstracts reduced this list to approximately

400. This final report-bibliography is presented in Appendix B. The biblio-

graphy uses an open ended numbering system in which each report was added to

the end of each alphabetical section with the first letter of the title

determining the section. For example, the seventeenth report placed in the

"F" section, Feasibility of a Tripropellant Feed System, is called out as

Reference FI7. Any reference of this letter-number form will be found in

the Appendix B, bibliography in the back of this volume. The customary

number references are used for reports not contained in the bibliography and

these references can be found at the end of the text.

Approximately 200 of the most applicable reports found

during the literature review were abstracted for pertinent data. These

abstracted data are presented in Appendix A, Volume 2 of this report (classified

volume) and are cited by the above letter-number reference technique. Tables

1 and 2 of Appendix A, Volume 2 summarize the theoretical and experimental

performance data with gelled propellants and the available data on individual

propellant properties, respectively.
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III, A, Task 1--Preliminary Investigation (cont.)

The discussion of the findings of the gelled propellant

technology literature survey are presented in Volume 2, Section III,A,I of

this report.

2. Definition of Desirable Propellant Characteristics

The desirable characteristics for gelled propellants are

listed in Table i. Many of these characteristics would be desirable for any

propellant system. For example, under the heading "Performance," high

specific impulses, high density, good combustion efficiency, hypergolicity,

and smooth ignition are desirable for any system. Low cost, high availability,

good material compatibility, low toxicity and nonsensitivity to shock are

likewise always desirable.

It is in the area of rheological properties, storability,

and propellant utilization that requirements unique to gels became apparent.

Unfortunately, some of the desirable rheological properties are in direct

conflict. For instance, a high yield stress is desirable for minimum gel

separation, minimum slosh, maximum mechanical stability, good leak sealing,

position stability, and low boiloff rate. On the other hand, low yield stress

is desirable to reduce pressure drops, to reduce pumping or pressurization

feed system requirements, to minimize mixing requirements, and to improve

propellant utilization. The specific requirements of a particular mission

must be used to define a compromise among these several factors.

The high-shear viscosity must be low so the gelled propellants

can be used in conventional liquid rocket engines. It is desirable that the

shear rate-shear stress relation approach that of a Newtonian fluid and have

minimum temperature sensitivity.
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III, A, Task 1--Preliminary Investigation (cont.)

In general, the desirable values given in Table i are guides

for improving gelled propellant performance, rather than absolute limits for
rating their usefulness. In order to accurately rate gelled propellants, a

particular mission must be specified.

3. Evaluation of Available Gelled Propellants

Alumizine is the only gelled propellant available today for

which there is sufficient published data to accurately rate it aginst the more

than 30 desirable characteristics listed in Table i. However, the following

sections will discuss the data that are available for the other propellants

of interest.

a. Cryogenic Propellants

(i) Performance

Gelling the cryogenic propellants causes very

little change in performance except to reduce the specific impulse by the

amount of the inert material in the gelling agent. Those systems which are

hypergolic remain so after gelling, and those which are not, do not become

so. In general, the gelling agents being considered for LH 2 (Li, LiBH 4) are

themselves good fuels and cause minor reductions in performance, while the

gelling agents being considered for the oxidizers (LiF, Si02) _ are inert

materials which reduce performance directly proportional to their concentration.

In one metal-loaded, cryogenic gel both density

and specific impulse are increased since the effect of the metal loading far

outweighs the small percent of particulate gelling agent required.
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III, A, Task 1--Preliminary Investigation (cont.)

(2) Storability

Gelling does not significantly affect the stor-

ability of all of the cryogenic systems considered. The gel structure

apparently provides a capillary or wick effect for the migration of molecules

to the propellant surface which compensates for eliminating convection currents

in the storage tanks. Gelling reduces the boiloff rate when cryogenic propel-

lants are spilled because the gel structure minimizes spreading and contact

with ambient surfaces.

(3) Rheological Properties

There is insufficient yield stress or pressure

drop data for cryogenic systems to effectively rate them.

(4) Logistics

Gelling cryogenic propellants undoubtly increases

the cost, but to date this has been done on such a limited scale that no

conclusion can be drawn.

b. Metalized Propellants

(i) Performance

The metalized propellants were developed to improve

the performance of the neat propellants. Adding a high-energy solid to neat

fuels always improves the density and in most cases improves the specific

impulse as well. The gelling agent concentrations required for the amine

fuels (N2H4, MMH, MHF-3) is so small (1%) that performance degradation from

this source is negligible.
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III, A, Task 1--Preliminary Investigation (cont.)

(2) Storability

Metalizing the neat fuels tends to reduce their

storability. The solid additives must be prevented from settling, and the

heterophase, multicomponent systems are less chemically compatible than the

neat fuels. Gelling can improve the space storability of these systems,

however, by reducing slosh, improving leak sealing, and increasing position

stability. With the possible exception of N202/Beryllizine , the metalized

propellants have not been considered for space storable missions.

(3) Rheological Properties

The metalized systems require sufficient gelling

agent to keep the solid additive from settling and thus, in general, have

higher yield stresses, greater high shear viscosity, and thus greater

pressure drops than the nonmetalized gels. Again, however, this does provide

better slosh reduction, position stability, and leak sealing.

(4) Logistics

The high cost of all the solid additives considered,

excepting aluminum, has greatly increased the cost of metalized gelled

propellants. For those systems using aluminum powder, the cost has actually

been reduced somewhat.

c. Other Propellant Systems

(i) Performance

In general, performance was reduced only by the

difference in energy between the gellant and the propellant.
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III, A, Task I--Preliminary Investigation (cont.)

(2) Storability

The very limited data reported indicated that

storability was uneffected by gelling except for the usual slosh, leak seal-

ing, and position stability improvement.

4. Propellant Selection

a. Method

The purpose of this subtask was to select the most

suitable space-storable gelled propellant combination for use in the system

studies which were performed during the remaining three quarters of the

contract. The three missions which were studied are: (i) lunar descent

with 17,500 ib of propellant, (2) lunar ascent with 5000 ib of propellant, and

(3) a space probe carrying 13,000 ib of propellant, space-stored for 15 months,

and delivering an ideal velocity increment of 7500 ft/sec.

A performance study was made by reviewing existing

propellant selection studies for neat (not gelled) propellants, selecting

representative neat propellant combinations, estimating their performance as

gelled propellants, and comparing their performance capabilities in terms of

the three missions being studied. While the performance study points out

propellants of interest, the final selection of the most suitable gelled

propellant combination for further study was based primarily on the availability

of gel experience and flow data for the propellants.

b. Initial Propellant Screening

The High Performance Apollo Propulsion System Study,

Reference I, which rated neat propellant combinations and then selected the
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III, A, Task 1--Prelimlnary Investigation (cont.)

best neat propellant combination for a 1970 and a 1975 operational Apollo
vehicle, was used as the initial source for propellants to be selected for

evaluation for the lunar missions. This study considered performance, relia-

bility, operational aspects, development ease, and launch operation ease.

The most applicable evaluation of neat propellants for

the Space Probe Mission was found in Reference 2. This study ranked 71 pro-

pellant combinations on the basis of the fraction of dellvered-payload-weight

to vehicle-loaded-weight. It assumeda mission with an ideal velocity increment

i0,000 ft/sec, and the following system characteristics: 3%ullage, i% outage,

a nonvolumedependent-welght to vehicle-welght fraction of 0.015 ib/ib and a
volume-dependent-weight to tank-volume fraction of 7.0 ib/ft 3. These system

characteristics were considered representative of a pressure-fed propulsion

system with an ablative chamber.

The study found that LF2 or FLOXwith N2H4, B2H6, LH2
or MMHwere the highest performing neat propellant combinations followed by

OF2 with similar fuels.

On the basis of the above two propellant selection/

mission analysis studies, the following neat propellant combinations were

selected for evaluation as gelled propellant systems:

LF2/LH2

LF2N2H4 Blend*

LF2/B2H6

OF2/B2H6

OF2/MMH

OF2/C3H6 (propylene or propene)

FLOX-73.3**/0.52 C3H6 + 0.48 C3H8

* 67%N2H4 + 24%MMH+ 9%H20

**73.3% LF2 + 26.7%LO2
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III, A, Task I--Preliminary Investigation (cont.)

The propellant combinations selected for evaluation as

gels represent each of the families or classes of propellant combinations which

rated highly in the referenced performance studies. The particular combination

chosen to represent each family was based on system operation considerations.

For example, a hydrazene blend with lower freezing point and greater high

temperature thermal stability was selected over undiluted N2H 4 to represent

the LF2/amine family. The fuel mixture 0.52 C3H 6 + 0.48 C3H 8 was selected

because it is still liquid at the normal boiling point of FLOX-73.3, about

155°R, (Reference 3).

c. Gel Composition and Properties

Gelling agents were selected for the propellants on the

basis of good chemical compatibility and minimum performance loss.

All of the oxidizers were gelled with particulate gelling

agents because organic gelling agents would not be compatible. Data from

liquids gelled with Cab-O-Sil H5, 0.007 micron particles of pyrogenic silica

(Si02), indicated that 2% by volume caused gel formation regardless of the

liquid being gelled (Table 2). However, since Reference (G 12) indicates that

SiO 2 is not shock stable in OF2, while freeze-dried LiF is shock stable, it

was assumed that 0.007 micron particles of LiF can be produced and that they

will gel LF2, FLOX -73.3 and OF 2 at a concentration of 2 vol %.

Later in the program some performance calculations were

added for an improved OF 2 gel. This high performance gel used 2 vol% submicron

particles of frozen CIF 5 (9.16 wt %).
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III, A, Task 1--Preliminary Investigation (cont.)

Similarly both LH 2 and B2H 6 were assumed to be gelled

with 2 vol% of 0.007 micron Li particles. A particulate gelling agent was

required for LH 2 because any organic agent would be frozen (and therefore

a particulate) at LH 2 temperatures. Li metal was selected for its fuel value.

An energy contributing gelling agent is required for LH 2 because its low

density results in 2 vol% being equivalent to 13.3 wt%. Li was also selected

to gel B2H 6 on the basis of its energy contribution although there may be some

question of B2H6/Li compatibility.

The remaining fuels were gelled w_th organic gelling

agents which are preferred over particulates because usually less is required.

For C3H 6 (proplylene or propene) and for the mixture 0.52 C3H 6 + 0.48 C3H8,

aluminum octoate was selected as representative of the class of soaps which

have been found to be effective in gelling hydrocarbon-based fuels. The AI

octoate has some fuel value and can be dissolved in these fuels at cryogenic

temperatures. For the N2H 4 blend, 2% of "CP" (an Aerojet-General Corporation

proprietary gelling agent) was selected. CP has good fuel value, produces

good high temperature stability, and is less sensitive to ion contamination

than Carbopol.

The weight percents of the gelling agent, the densities

of the neat and gelled propellants and pertinent temperature information for

each propellant and propellant combination are given in Table 3. These

compositions and densities were used for all three missions studied.

d. Theoretical Performance

The theoretical performance of both the neat and gelled

propellants was calculated using the AeroJet-General's Chemical Composition
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III, A, Task 1--Preliminary Investigation (cont.)

Computer Program which assumes shifting equilibrium. For the standard expan-

sion from i000 psla to 14.7 psia, the theoretical performance loss due to

gelling the propellant ranged from 2.2 to 4.2% based on peak to peak compari-

sons rather than fixed mixture ratio comparisons. The corresponding loss

range was 1.8 to 3.1% for a vacuum expansion from a a chamber pressure of i00

psia to an area ratio of 40:1. These data are shown in Table 4. The gel

concentrations are the same as those shown in the preceding table. The per-

formance of the improved OF 2 is included in the table with gelled MMH only.

e. Predicted Delivered Performance

The delivered performance of the various propellant

combinations as estimated on the basis of experience with the interaction

loss analysis method. This method involves the determination of friction

loss, geometry loss, heat transfer loss, nozzle kinetics loss, mixture ratio

distribution loss, and energy release efficiency loss. It is based on the

premise that there is an interaction between chamber and nozzle losses such

that these losses cannot be treated separately, as when using c* to determine

combustion efficiency. The theory of the interaction loss analysis method is

discussed in more detail in Reference 4 as applied to N204/AeroZINE 50 and

Section III,C,4 of this volume as applied to OF2/MMH.

For this study, the friction, geometry and heat transfer

losses were considered to be the same for all propellant combinations. The

mixture ratio distribution loss was considered to be negligible since proper

design can minimize this loss. The nozzle kinetic loss and the energy release

efficiency loss were thus the distinguishing losses between the different

propellant combinations.
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III, A, Task I--Preliminary Investigation (cont.)

The nozzle kinetics loss was estimated on the basis of

calculations using the theoretical shifting equilibrium combustion data and

experience with these or similar propellant combinations. The energy release

efficiency was used to differentiate primarily between metalized and non-

metalized propellants as experience has shownmixing and combustion efficiency

to be lower for metalized propellants.

As a result of these considerations, it was found that

the maximumdelivered specific impulse for each propellant combination occurs
at a mixture ratio which is lower than its theoretical optimum. This shift in

optimummixture ratio is due to the fact that the nozzle kinetics loss reaches

its peak at the stoichiometric mixture ratio, which is slightly higher than
the theoretical optimum performance mixture ratio. Unevenmixture ratio dis-

tribution across the injector face would also tend to lower the mixture ratio
at which maximumdelivered performance will occur.

Two examplesof how these losses affect delivered per-

formance as a function of mixture ratio are shownin Figures i and 2. The

performance of the N204/AeroZINE50 system is well documentedand its higher
delivered performance at a lower than theoretically optimum mixture ratio is
well knownin the industry and can be predicted on the basis of the interaction

loss analysis method. Figure 2 shows the predicted and theoretical performance

for neat LF2/N2H4 Blend. The predicted performance has yet to be verified,
but is scheduled to be done within the next year. The losses which led to the

predicted LF2/N2H4 Blend performance are summarizedin Table 5.

The estimated delivered specific impulses used for the

neat and gelled propellants on all three missions are shownin Table 6. In

each series of mixture ratios and specific impulses, the first set of values

is for the highest delivered specific impulse predicted for the propellants
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III, A, Task 1--Preliminary Investigation (cont.)

with the following set of values corresponding to the delivered specific impulse

at the theoretically optimum mixture ratio. The latter values were included

for comparison as the mixture ratio shifts also represent changes in bulk

density.

It should be emphasized that the predicted performance

for these propellants are approximations. A rigorous interaction loss analysis

requires that the analysis be conducted with the hardware designs being employed.

Since this is well beyond the scope of this contract, the more rigorous inter-

action loss analysis in conjunction with hardware design was made only for the

selected propellant combination.

f. Mission and System Parameters

(i) Lunar Missions

The Lunar Descent and Ascent missions were based on

respective ideal velocity increments of 7745 and 6882 ft/sec with propellant

weights of 17,500 and 5000 lb. The propulsion system parameters that had to

be determined in order to evaluate the performance of the gelled propellants

were vehlcle-thrust to weight fraction (F/WvEH) , nonvolume-dependent-welght to

thrust fraction (WNvD/F) , and volume-dependent-weight to propellant-tank-

volume ratio (WvD/VT).

For the Lunar Missions, the values of these propul-

sion system parameters were derived from modifications of the system designs

of Reference i. The thrust-to-weight fractions used for the Descent and Ascent

Missions were similar, i.e., 0.38 and 0.40, respectively.

The remaining parameters were affected by two

factors: a large weight allowance for inert components on the Descent Vehicle
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III, A, Task l--Preliminary Investigation (cont.)

and the difference in the sizes of the propellant tanks between the two

vehicles. The high inert weight on the Descent Vehicle raised the nonvolume-

dependent-weight to thrust ratio to 0.32, in comparison to 0.082 for the Ascent
Vehicle.

During previous propellant/mission performance

studies by Aerojet-General, it was noted that for the samemission most propel-
lants would have the samevolume-dependent-weight to propellant-tank-volume

ratio. The exceptions, LF2/LH2 and LO2/LH2, were caused by significantly

different propellant bulk densities. For the LF2/LH2 system, the ratio

(WvD/VT)was usually somewhatlower than most systems, with LO2/LH2 somewhat

lower than the LF2/LH2 system.

All of the Lunar Mission and system parameters

which were used in the propellant performance analysis are summarizedin

Table 7.

(2) SpaceProbe Mission

The SpaceProbe Mission requires 13,000 ib of

propellant to deliver an ideal velocity increment of 7500 ft/sec after a

15-month storage in space. The propulsion system was considered to be a

pressure-fed systemwith an ablative chamberdelivering 8000-1b thrust.

propellant was stored in two spherical propellant tanks.

Each

The three system parameters required for the pro-

pellant performance analysis were determined by modifying a system designed

for the Voyager retropropulsion maneuver (Reference 5). The thrust to vehicle-
weight fraction was 0.29, and the nonvolume-dependent-weight to thrust fraction

was 0.088, similar to the Ascent Vehicle. Basic tank weights are higher for
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III, A, Task 1--Preliminary Investigation (cont.)

the Space Probe Mission because of the long-duration mission with a high

reliability requirement, coupled with fairly severe cost limitation. Thus,

conservative design, rather an extensive testing to achieve the required

reliability, was the approach used for this system. Insulation, when required,

was assumed to be 210 layers (3 in. thick) of NRC-2 super insulation on

4-ft-dia spherical tanks (Reference 6).

The mission and system parameters for the Space

Probe Mission are listed in Table 8.

Because of the 15-month space storage required for

the Space Probe Mission, propellant storage conditions and possible boiloff or

freezing of the propellants had to be estimated in evaluating their potential

performance. Figures 3 and 4 (Reference 7) show that by regulating the pro-

jected surface area which is exposed to solar radiation and by controlling the

absorbtivity-to-emissivity ratio of the propellant tank surface, a wide range

of surface equilibrium temperatures may be obtained.

Based on the above equilibrium temperature calcula-

tions and shadow shield experiments by the NASA Lewis Research Center

(Reference 8), it was assumed that OF 2 and possibly LF 2 could be space stored

for 15 months without boiloff. Thus, only LH 2 was eliminated from considera-

tion for the space probe mission.

Storage without boiloff was made a requirement for

the gel systems to avoid changes in gelling agent concentration and to main-

tain known pressure drop characteristics. The conditions under which OF 2

could be space-stored without boiloff were investigated in more detail later

in the program, Section III,B,3 of this volume.
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III, A, Task 1--Preliminary Investigation (cont.)

An added commenton gelled propellant boiloff rates

appears warranted due to the publication of apparently conflicting data.

Reports have stated that gelling LN2 reduces its boiloff rate to one-third

that of neat LN2 (Reference GI8) and that gelling OF2 did not materially alter
the boiloff rate from that of neat OF2 (Reference GI9). The confusion arises
from the tendency for the reader to assumethat there is a one-to-one correla-

tion between weight-loss-rate and volume-loss-rate for particulate (gelling

agent) gels. Aerojet's tests with LN2 and LO2 gels have shown that the volume-
loss-rate is significantly lower than welght-loss rate for particulate gels.
This factor is believed to have caused the confusion in the interpretation of

boiloff data for particulate gels.

g. Mission Performance Calculation

The mission performance calculation for each gelled and

neat propellant combination was calculated using an Aerojet-General-developed

computer program (Reference 9). The program uses the propellant densities;
ullage, outage and boiloff allowances; and the mission and system parameters

described in the previous section to calculate vehicle performance character-

istics. Most of the performance characteristics are printed out per pound of

payload for ease in scaling. The particular parameter which was used to rate

the performance of the propellants was the payload-weight to vehicle-launch-

weight fraction, the launch weight being calculated prior to propellant boil-

off during storage. Therefore, each propellant was evaluated on the basis of

delivered payload for identical launch weights.
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III, A, Task 1--Preliminary Investigation (cont.)

h. Mission Performance Results

(i) Lunar Missions

The results of the mission performance calculations

for the gelled and neat propellants for the Descent and Ascent Missions are

shown in Figures 5 and 6. For both lunar missions, the best performing neat

propellant combination was LF2/LH 2 followed by LF2/N2H 4 Blend and LF2/B2H 6.

When the propellants are gelled, however, the

LF2/LH 2 system is more severely penalized than most of the other systems

because of the relatively large amount of Li, 13.3 wt% (2 vol%), required for

the low density 1/42. This extra metallzlng of the propellant combination

increases performance losses for the system because of (i) the thermal lag in

transferring heat from the lust reacted LiF particles to the gas stream (loss

of usable heat for gas expansion), and (2) the increased kinetic loss caused

by higher flame temperature. As a result, for the Descent Mission, the per-

formances of the 96.5% LF 2 + 3.5 LiF/86.7% LH 2 + 13.3% Li and the 96.5% LF 2 +

3.5% LiF/98% N2H 4 Blend + 2% CP* are comparable with only a 1.1% reduction in

payload resulting from the use of the gelled LF2/N2H 4 Blend system rather than

the gelled LF2/LH 2 system. Because the Ascent Mission had a much smaller

nonvolume-dependent-welght to thrust fraction, the performance of the gelled

LF2/LH 2 was penalized even further because of its low bulk density and the

gelled LF2/N2H 4 Blend system out-performed it.

Because of the relatively short mission duration,

no allowance was made for propellant storage losses.

*An Aerojet-General Corporation proprietary gelling agent.
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III, A, Task 1--Prelimlnary Investigation (cont.)

By referring to Table 6, it can be seen that

in every case in which a comparison was made the best mission performance

occurred at the mixture ratio corresponding to the maximum delivered specific

impulse, rather than when using the estimated delivered specific impulse at

the theoretically optimum mixture ratio. The performance loss due to kinetics

was always more significant than the increased bulk density at the higher

mixture ratio, even with the LF2/LH 2 systems.

(2) Space Probe

The results of the mission performance calculations

for the Space Probe Mission are shown in Figure 7. The figure also indicates

the number of propellants that were considered to require insulation since

insulation affects the volume-dependent weight. On a no-boiloff comparison,

gelled (LF2/N2H 4 Blend) outperforms the second and third best propellants

gelled (LF2/B2H 6) and gelled (OF2/B6H6) , 28%; however, the no-boiloff, space-

storability of 4000-1b of neat or gelled LF 2 for 15 months is rather question-

able. If it proves that gelled LF 2 or gelled FLOX cannot be space-stored for

15 months without boiloff in this quantity, then the OF 2 systems will be the

highest performing systems. The performance of a gelled LF2/N2H 4 blend system

with 7.5% LF 2 boiloff was also calculated but rejected due to the necessity of

avoiding boiloff in order to gel predict flow losses with any degree of

accuracy.

While suitable space-storage conditions may be

obtained for the propellants (shadow shields, reflectors and proper surface

coatings), prelaunch conditions may require insulation. Therefore, the space

probe system performance is also presented as a function of the number of pro-

pellants requiring insulations, Figure 8.
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III, A, Task 1--Prelimlnary Investigation (cont.)

As can be seen from Figure 8, added insulation

lowers system performance because it increased the volume-dependent-weight to

tank-volume ratio; 7.9, 8.4, and 8.9 ib/ft 3, corresponding to no insulation,

one propellant insulated, and both propellants insulated. Insulation weights

(70 ib/propellant) were based on each propellant requiring two 4-ft-dia

spherical tanks covered with 210 layers (3 in. thick) of NRC-2 super insula-

tion (Reference 6).

For comparison with the high-energy propellants, the

performance of neat N204/AeroZINE 50 was calculated for the Space Probe Mission,

assuming no insulation was required (WvD/V T = 7.9 ib/ft3). The payload weight

to vehicle launch weight fraction was 0.369, so that gelled (LF2/N2H 4 Blend)

system with no-boiloff represents a 16.7% increase; gelled (OF2/B2H6), a

17.1% increase; and gelled (OF2/MMH), a 12.5% increase, Figure 7.

(3) Selected Propellants

The gelled propellant combination selected for

further study for all three missions was gelled OF2/MMH (90.8% OF 2 + 9.2 CIFs/

99% _ + 1% Colloid 8010). This combination was selected on the basis of the

availability of flow data for the propellants. Considerably more work has

been performed with gelled OF 2 than with the other two oxidizers, and the

measurement of the flow properties for gelled OF 2 was scheduled under Contract

NAS3-6286. FLOX has not been gelled, and LF 2 has been gelled only a couple of

times to demonstrate feasibility. Also LF 2 space storability was questionable.

After determining that the oxidizer would be gelled

OF2, the fuel MMH was selected after conferring with the customer and examining

a study which selected neat MMH as the best fuel for space system use with neat

OF 2 (Reference 7). B2H 6 has never been gelled; therefore, no data are avail-

able for it.
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III, A, Task 1--Preliminary Investigation (cont.)

5. Gelled Propellant Modification Program

As previously discussed, the definition of the "ideal" value

for a given propellant characteristic must be defined by specific mission

requirements, and may, in fact, be different for different missions. However,

the following areas of improvement are desirable in most applications for most

gelled propellants.

In General:

(i) Reduce the amount of gelling agent.

(2) Make gels more cohesive to minimize tank hold-up.

(3) Further reduce evaporation rates.

(4) Increase yield stress while reducing high-shear viscosity.

(5) Improve mechanical and chemical stability.

(6) Prevent rheological property changes with time.

I

I

I

1

I

I

I

I

I

I
The obvious approach to changing gelled propellant properties is to change the

gelling agent. The following are several suggested approaches:

(i) Find a new, more effective gelling agent.

(2) Chemically modify existing gelling agents.

(3) Use mixtures of gelling agents.

(4) Develop gellants with smaller particle sizes.

(5) Vary particle size distribution.

(6) Investigate other types of systems giving similar

end-products, such as emulsions.

Two specific system improvements appear very desirable. If

these propellants were re-evaluated as gels, better gelled propellant per-

formance for the gelled OF2, LF 2 and FLOX systems would be obtained using
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III, A, Task I--Preliminary Investigation (cont.)

frozen particles of CIF 5 to gel the oxidizers rather than the inert LiF

particles. The improved performance OF 2 gel (CIF 5 gelling agent) was used

with MMH and exhibited the least performance loss in comparison to the

corresponding neat propellant performance for the Lunar Descent Mission

(Figure 5).

It is also likely that better gelled LF2/LH 2 performance could

be attained if frozen particles of CH 4 were substituted for Li particles in

the LH 2 to reduce the reaction flame temperature and corresponding kinetics

losses as well as eliminate two phase flow losses by avoiding LiF particles

in the combustion products.
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III, Technical Discussion (cont.)

B. TASKIf--PRELIMINARYANALYSIS

i. Selected Propellant Properties

Properties were developed for the two propellants which have

been selected for use in the remainder of this contract. The physical

properties are listed in Table 9, and the flow curves are shown in Figures 9

and I0.

The properties of gelled OF 2 were estimated wherever possible

from cryogenic gel data. This propellant has been designated GOF2-EI, "G" for

gelled and "El" for estimate one. Most of the properties of GMMH-SI ("SI" for

simulant one) were taken from data for gelled MHF-3. Since MHF-3 is 86% MMH

and 14% N2H4, it was assumed that the properties would be very similar for

GMMH. The terms estimate and simulant are an indication of data confidence.

It was anticipated that simulant-two or estimate-two propel-

lants might become necessary as the work developed. GOF2-E2 (9.2% CIF 5 gelling

agent) later replaced GOF2-EI (3.4% LiF) but the same basic physical properties

were estimated so they can be used interchangeably with respect to density,

freezing point, yield stress, flow properties, etc., except as noted in the

following sections.

The following sections discuss the techniques used to arrive

at the physical-property values:

a. Density

The densities were calculated from the measured densities

of the neat propellants. It was assumed that the LiF was completely insoluble

in the OF 2 and that the Colloid 8010 was completely soluble in the MMH. This

has been demonstrated for the fuel and it has also been shown that other
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III, B, Task ll--Prellminary Analysis (cont.)

particulate gelling agents, such as SiO2, are insoluble in both the fuels and

oxidizers tested. Gelling slightly increases the density of the oxidizer,

because a dense solid is added, and of the fuel, because weight is added with

no change in volume.

b. Freezing and Boiling Points

Experience has shown that gelling has little or no effect

on the freezing or boiling points of propellants. In any case, the boiling

point is not the upper temperature limit of the gel. For Colloid 8010 this has

been demonstrated (Ref D9) to be in excess of +165°F. For OF 2 the gel sta-

bility has been demonstrated up to the normal boiling point (-230@F) (Ref GI9).

c. Critical Temperature

It was assumed that the critical temperature is

unchanged by gelling.

d. Yield Stress

Most of the nonmetallized earth-storable gels have been

shown to be stable at about i000 dynes/cm 2. While most of the cryogenic

systems tested had yield stresses of less than 500 dynes/cm 2, none were demon-

strated to be storable for more than one month. Furthermore, since different

types of instruments were used to measure the yield stress of the two systems,

direct comparison may not be valid. To be on the conservative side, yield

stress was set at i000 dynes/cm 2 for both propellants.
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III, B, Task ll--Prellminary Analysis (cont.)

e. High-Shear Viscosity

The high-shear viscosity measuredon the Ferranti-Shirley

Viscometer at 17,300 sec-I is a convenient measurementwhich gives an indica-

tion of the shear-thinning nature of the gelled propellant. The values listed

in Table 9 were estimated from available data on gelled N2H4, gelled MHF-3, and

gelled, metalized MHF-3.

f. Bulk Modulus

The bulk modulus given for GMMH-SIis the value measured

for neat MMH. The value of GOF2-EIis estimated from values for liquid oxygen
and liquid nitrogen. The adiabatic coefficients of compressibility are
0.7 x 10-5 in.2/ib for LO and is i.i x 10-5 in.2/ib for LN . The isothermal

2 . 2 2
value for LO is 1.25 x I0 -_ in. /lb. The average of these three values is

about i x i0 _5 in 2/ib, and this has been used for gelled OF .
• 2

g. Heat Capacity and Heat of Vaporization

The heat capacities and the heats of vaporization of the

gels were assumed to be the same as the measured values for the neat propellants.

The one exception was the heat capacity of the gelled OF2, which was corrected

for the 3.5% solid LiF.

h. Propellant Flow Properties

Curves of shear rate versus shear stress for GOF2-EI or

GOF2-E2 and GMMH-SI are shown in Figures 9 and i0, respectively, along with

the flow properties for neat (not gelled) OF 2 and MMH for 1.76- and 0.884-in.-ID

tubing.
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III, B, Task ll--Preliminary Analysis (cont.)

DAP
The flow rheograms are log-log plots of shear stress 4--_'

8V
versus shear rate, _- , for a straight tube with a circular cross section. In

a given system configuration, with L and D fixed, the rheograms are a measure

of pressure drop as a function of flow rate. Since the density of the neat

propellant is usually quite close to that of the gel, equal flow rates represent

equal shear rates, so that pressure drops in gels and neat fluids can be easily

compared on the rheograms. Pressure-drop comparisons are discussed in a follow-

ing section.

In the laminar region (single lower slope llne), the

instantaneous apparent viscosity of the gel is the ratio of shear stress to
2

shear rate, ib-sec/in. This apparent laminar viscosity is used in calculating

the Reynolds number of the gel.

Since there are no rheological data for gelled OF2, con-

siderable interpolation and estimation were required. The slope of the laminar

line was chosen by interpolation between gelled LH 2 and another gelled propel-

lant. The laminar-to-turbulent flow transition point was assumed to occur at

a Reynolds number of 2000 using the instantaneous apparent viscosity. The

validity of using the usual Reynolds numbers for non-Newtonian gels has not

been established theoretically, however. One theoretical analysis indicates

that a slope of 7/4 or 1.75 is expected for turbulent flow and this slope was

used as turbulent gel flow data has correlated reasonably well with it. Data

on which the flow properties were selected are discussed in Volume 2,

Section III,B,I of this report.

The GMMH-SI flow curve in Figure i0 was taken directly

from room-temperature flow data for MHF-3 gelled with 1% Colloid 8010. The

only high- and low-temperature flow data available for MHF-3 were from gel

using an Aerojet-proprietary gelling agent (C.P.). For this gel, the flow-curve
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III, B, Task ll--Preliminary Analysis (cont.)

values increased to approximately double at -20°F and decreased to approximately

1/2 at +165°F. These factors were used to plot the high- and low-temperature

curves in Figure i0.

2. Comparative Pressure Drops

Pressure drops for the gelled and the neat (nongelled) pro-

pellants were compared. First the pressure drops were compared for flow in

straight tubes and orifices. Then, with allowances for the different flow

properties, pressure drops were estimated for a typical gelled and a typical

neat propellant in pressure-fed propulsion systems.

a. Straight Tubes

DAP

Comparisons between the pressure-drop, -_, and flow-

"'8_,relationships for the selected propellants in the gelled and neatrate,

conditions are shown in Figures 9 and i0. The curves are for straight circu-

lar tubing.

(i) Neat Propellant

In each figure, the pressure drop for the neat

propellants were calculated for the 1.76- and 0.884-in.-ID tubing using Darcy's

equation for pressure drop with values of Darcy's friction factor and relative

surface roughness taken from Crane Company's Technical Report No. 410.

The slopes of the neat-propellant turbulent lines

range between 1.84 to 1.94, since the flows are not fully turbulent. Even

though the Reynolds numbers for the neat propellants ranged from 104 to 107

(for shear rates between 103 and 104 sec-l), the low relative roughness for

the drawn tubing resulted in varying friction factors. To obtain fully
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III, B, Task ll--Prelimlnary Analysis (cont.)

turbulent flow, the Reynolds number must be high enough to enter the regioh on

a Moody diagram in which the friction factor no longer varies with increasing

Reynolds number. The slope of the turbulent line increases to 2.0 as it enters

this region and remains constant in it.

(2) Gelled Propellant

The rheograms indicate that for the same tube size

the pressure drops of the gel may be greater than those of the neat propellant

by a factor of as much as 2.0 to 2.4 in the turbulent regime and by a larger

factor in the laminar regime; therefore, larger tube diameters are selected

for the gels than for the neat propellants. Even with this large difference

in pressure drops for equivalent flow, moderate increases in line size are

sufficient to bring the gel line pressure drops of the gel back down to the

values typically used for neat propellants.

For instance, the range of gelled-propellant flow

rates which are currently being used for the injector-design effort are from

to 2 to 12 ib/sec for Q_MH-SI and 5 to 26 ib/sec for GOF2-EI or -E2. By

inspecting the tabulated flow data for the gel laminar-turbulent transition

points shown in Figures 9 and I0, it can be shown that the highest flow rate

can be handled by 2-in. tubing (1.76-in. ID). For GMM-Sl at -20°F, the

pressure drop in the high laminar region would be 0.64 psi/ft while for GOF2-EI

the pressure drop would be 0.49 psi/ft in the low turbulent regime.

A firm weight trade-off between increased pressure

drop and increased line and valve size for gelled propellants can not be made

until actual gel properties can be applied to some specific systems.
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III, B, Task ll--Preliminary Analysis (cont.)

(3) Effects of Gel Properties

It should be noted that the selected gelled propel-

lant flow characteristics can be regarded as only representative trends for

gelled propellants rather than as definite characteristics of specific

propellants. For example, the selection of a Reynolds numberof 2000 for a

sharp transition point from laminar to turbulent flow was somewhatarbitrary,

since gel flow data have showna fairly wide range of transition Reynolds
numbers.

The relative pressure drop at the laminar-turbulent

transition point for GMMH-SIand neat MMHat the same flow rate is affected by

the Reynolds numberat which the sharp transition is assumedto occur. The

dependencyon Reynolds number is illustrated in Figure ii for the fuels at 77°F

in a 1.76-in.-ID tube. Relative gel-neat pressure drops for all points in the

low-turbulent gel region will be similarly affected by the selection of the

transition Reynolds number.

It is expected that the transition between laminar

and turbulent flow will not be as sharp as assumedin the flow properties for

GOF2-EIand GMMH-SI. Test data indicate that the sharp corner of point transi-
tion should be rounded, but, because of data scatter in the transition region,

the idealized point transition is considered adequate until the transition
region is better defined. Also, while the slope of the turbulent line appears

to be about 1.75 as it emergesfrom the transition, the slope of the turbulent

gel line is expected to increase at higher shear rates until it approaches the

local slope of the neat-propellant line (1.8 to 2.0). If this were not the

case, the gel turbulent line, with its lower slope, would cross the neat-

propellant turbulent line at somehigher flow rate and the gelled propellant

would then have a lower pressure drop than the neat propellant. It is con-

sidered unlikely that such a cross-over occurs; rather it is expected that the
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III, B, Task ll--Preliminary Analysis (cont.)

two turbulent lines will approach asymptotically and that no difference

between gel and neat fluid pressure drops will be observed when the gel flow

is also highly turbulent. However, the shear rates required to reach the

highly turbulent gel region would probably result in propellant llne pressure

drops which are above reasonable design limits. Therefore, gelled propellants

will usually require somewhat larger lines than the corresponding neat fluid.

b. Orifices and Injectors

Considerable variation in injector orifice pressure

drops has been reported in comparing gelled and neat (non-gelled) propellants

at the same flow rates. Data has ranged from "no change" in pressure drop to

increases of about 40% and, in one case, a decrease of 46%. This data is

discussed in Volume 2, Section III,B,2 of this report.

The "no change" or higher pressure drops are believed to

be more typical gel property, but propellant flow data should be obtained

before committing hardware to fabrication unless orifice adjustments can be

made easily.

It is believed that the viscous effects of both the gel

and neat fluid become negligible at high shear rates, so that for the same

pressure drop the flow velocities will be equal. If the vena contractas of

the orifice are equal for the two fluids, then the gel flow rate can be pre-

dicted from the neat-fluld data.

The lower than Newtonian pressure drop is explained by

a condition where a stagnant layer of gel accumulated on the tube wall and the

orifice plate to create the effect of a smooth transition rather than the

sharp discontinuity experienced by the Newtonlan fluid. Thus, the high vis-

cosity of the gel in the less turbulent region approaching the orifice may

have a significant effect on the gel flow rate.
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III, B, Task ll--Preliminary Analysis (cont.)

A corollary of the above hypothesis is that gelling a

fluid should not affect its high-shear flow properties through a venturi (an

orifice with a smooth approach). A comparison between water and a gel with

an organic gelling agent showed equivalent flow coefficients for the gelled

and neat fluids.

As indicated above, when the pressure drop through an

orifice is reduced, the flow rates of the gelled and neat fluids which were

both Newtonian turbulent, begin to diverge as the viscous losses of the gel

affect the flow long before the low viscosity of the Newtonian fluid becomes

significant. Thus, in the low turbulent and laminar region the pressure drop

comparison between the gelled and neat propellants should diverge in a manner

similar to that predicted for straight tubes in these same shear rate regions.

The low turbulent and laminar flow characteristics of

gels will be most significant in throttlable injector design. In the low

turbulent region if a gel has a pressure-drop flow-rate exponent of 1.75, then

throttling i0:i only reduces the injector pressure drop by 53:1 rather than by

i00:i as with a fully turbulent Newtonian flow (exponent of 2.0). The striking

difference in gel flow properties is in the laminar region where the flow-rate

pressure-drop exponent for 77°F GMMH-SI is 0.434. For an order of magnitude

reduction in flow rate (shear rate), the injector pressure drop would only be

reduced by 2.7:1 (shear stress).

The reduced variation in injector pressure drop with flow

rate will improve low frequency combustion stability at the throttled condition

but obtaining good gel atomization for the reduced flows in conventional

injectors will continue to be a design problem which may be aggravated by

gelling the propellants. The HIPERTHIN platelet design may eliminate the

atomization problem while taking full advantage of the gel's laminar throttling

pressure drop characteristics.
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III, B, Task ll--Preliminary Analysis (cont.)

c. Pressure-Fed System

A comparison was made between the system pressures for a

typical pressure-fed spacecraft propulsion system and the same system using

gelled, nonmetalized propellants. The gelled propellant pressure drops selected

are believed to be conservative and represent an upper limit for the gelled

propellant in comparison with the corresponding neat propellant.

Based on a chamber pressure of i00 psia for each system,

the propellant tank pressure was 210 psia for the neat propellants and 275 psia

for the gelled propellant system; an increase of 31%. A breakdown of the

pressure and pressure drops used is listed below.

GelledNeat

Tank pressure, psia 210 275

AP, line and valve, psia 50 75

Injector inlet, psia 160 200

AP, injector, psia 60 i00

Chamber pressure, psia i00 i00

The line and valve pressure drop was increased by 50%

for the gelled system because of unknowns in valve pressure drop characteris-

tics for the gelled system.

The injector pressure drop was increased 67% to account

for increased pressure drop for the same flow rate plus an increase in velocity

to ensure adequate gel breakup upon impingement.
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III, B, Task ll--Preliminary Analysis (cont.)

3. Heat-Transfer Effects

a. Regenerative Cooling Capabilities of Gelled Properties

In the latter part of the 1950s success was first reported

in preparing a metalized gel propellant for improvement in rocket engine perfor-

mance, and interest was noted in gelled storable propellants because of their

improved safety aspects. From that time to the present, considerable effort

has been expended in the development of gels for rocket engine propulsion.

However, there has been no appreciable work to determine their value as a

coolant in regeneratively cooled rocket engines.

Five specific types of information are required to

adequately describe the regenerative cooling capabilities of a propellant.

These are:

i. A heat-transfer coefficient correlation for wall

temperatures lower than the saturation or decomposition temperature of the

propellant.

2. For subcritical pressures, a correlation defining

the heat flux--wall temperature relationship when nucleate boiling occurs.

3. The maximum allowable heat flux which can be trans-

ferred to the propellant without experiencing coolant tube burnout, i.e., the

ultimate heat-flux limit.

4. The detonation limit of the coolant, i.e., the

coolant bulk temperature above which detonation will occur.

5. A relationship for calculating pressure drop.
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III, B, Task ll--Preliminary Analysis (cont.)

Heat transfer coefficient data are available for

many non-Newtonian fluids, although the bulk of the data is for nonpropellants

such as water and corn syrup gelled with Carhopol and water, Attagel slurries.

These data have been correlated by Metzner and by Clapp (Refs i0 and ii). In

a literature survey made for this report, the only gelled propellant heat-

transfer data found was that taken at Aerojet-General Corporation during the

course of ultimate heat flux tests of Alumizine, a hydrazine gel loaded with

aluminum particles. While these data tended to indicate that metalized gelled

propellants are relatively poor coolants having nonrepeatable characteristics,

it is felt that these data are not necessarily characteristic of all gels

because of the large amount of aluminum in the propellant. Obviously, much

more data for a variety of propellants are required before it can be determined

if the correlations for nonpropellants are applicable to propellants, or before

a correlation for propellants can be developed. However, the correlations for

nonpropellants can be used as first approximations in any analysis performed

prior to obtaining test data. The preceding remarks are also applicable to

pressure drop calculations.

No information is available with respect to heat

transfer with gelled propellants when they experience local boiling or decom-

position during forced flow. Here again, the only data available are those

mentioned above for Alumizine, and it is difficult to draw any meaningful

conclusions from these data.

Some gels break down at elevated temperatures.

Proper selection of the gelling agent may allow thermal destruction of the gel

structure upon entering the cooling section and produce Newtonian flow for

cooling and injector flow following storage as a gel.

In sugary, little is really known about the cooling

capabilities of gelled propellants, and experimentation is needed to develop an
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III, B, Task ll--Preliminary Analysis (cont.)

understanding of this area. The required testing is similar to that which has

been and is now under way to obtain heat-transfer data for nongelled propel-

lants. Basically, this involves flowing the propellants through electrically

heated tubes while measuring tube temperatures, power dissipation in the tube,

and propellant bulk temperature rise. This method can supply precisely the
data required for the five categories of information mentioned above.

Operational problems maybe encountered in using

gelled propellants for regenerative cooling. Since the work history of certain

gels affects their pressure drops, the calculation of regenerative system

pressure drops can be complicated by this addedvariable. The gelling agent
residue in a regenerative tube-bundle might prove to be difficult to clean and

remove should evaporation be allowed to occur.

b. Propellant Storage

Someof the aspects of heat transfer in long-duration

simulated space storage of cryogenic and noncryogenic gelled and nongelled

propellants have been studied. The investigation does not account for the
nature of the vehicle onto which the propellant storage tank is mounted, and

considers the tank to have radiant energy exchange only between the sun and

space. The parameters used for the study were:

l. The propellants are gelled and neat MMH, and gelled

and neat OF 2.

2. The tank is a 4-ft-dia sphere.

3. Solar irradiation is 442 Btu/ft2-hr, corresponding

to the outer fringes of the earth's atmosphere.
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III, B, Task ll--Preliminary Analysis (cont.)

4. Acceleration forces acting on the propellant are a

solar force of 5 x 10 -7 go plus an attitude-control-system force of 5 x 10-6 go

acting in the same direction as the solar force.

5. The propellants are at thermal steady-state.

For the tank wall, it has been assumed that there is no

temperature gradient in the radial direction and no heat conduction in the

azimuthal direction.

A description of the study performed for each propellant

and a discussion of the results follows. A list of symbols used in the analyses

is presented as Table 2.

(i) Neat MMH

The investigation for nongelled _MH was made

to determine what difficulties might be encountered to prevent propellant

boiling on the side of the storage tank that faces the sun and freezing on the

opposite side. For storage at a pressure of i atm, this condition limits the

tank to a temperature range of -60 to 190°F.

With regard to the heat-transfer analysis used for

this determination there are two major uncertainties.

1. Is the mechanism of heat transfer between the

tank wall and the propellant, primarily convection or, because of the low

gravity field, conduction?

e

will the propellant stratify?

If the mechanism is convection, to what degree
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The criteria used to ascertain the mechanism were the product of Grashof number

and Prandtl number (GR.PR). For values of this product between 104 and 109 ,

McAdams (Ref 12) recommends the use of a laminar flow, natural convection

coefficient for heat transfer from a vertical plate. A similar coefficient is

recommended for a horizontal heated plate facing upward (somewhat similar to

the sun side of the tank) if the product ranges from 105 to 2 x 107 . Since

there is a lack of data for natural convection within spheres, these data for

plates were used as the criteria. To determine the order of magnitude of

(GR-PR), the product was calculated for a MMH film temperature of 0°F and a

dimension of 1 ft. The calculation showed that for temperature differences

from the tank wall to the MMH bulk of 25°F or greater the product (GR-PR) was

larger than 105. Therefore a convective heat-transfer mechanism was used. As

anticipated, it was subsequently found that the temperature difference was

greater than 25°F over the major portion of the tank, and the use of natural

convection was justified.

An attempt to determine the degree of stratification

within the tank was beyond the scope of this investigation. Therefore it was

assumed that stratification does not take place and the propellant bulk is at a

common temperature.

Because the amount of work done to establish a

natural convection heat-transfer coefficient correlation for a fluid contained

in a sphere is limited, use was made of flat-plate correlations to estimate

the heat-transfer coefficient. The recommended correlation for a vertical

plate is:

0.25
Nuf = 0.59 (GRf • PRf) (Ref 12) (Eq i)
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III, B, Task ll--Preliminary Analysis (cont.)

It differs from that for a heated plate facing upward

Nuf = 0.54 (GRf • PRf) 0"25 (Ref 12) (Eq 2)

only in the coefficient (see Table i0 for symbol list). Considering the

similarity of these correlations and the lack of work done for spheres, Eq i

was used as a first approximation for the convective heat-transfer coefficient

calculations. It is probably a fair approximation since, subsequent to the

analysis, it was found that Schmidt (Ref 13) recommends the use of the follow-

ing correlation:

Nuf = 0.65 (GRf PRf) 0"25 (Ref 13) (Eq 3)

in which the significant dimension is tank diameter. If Eq 3 is an accurate

correlation, the calculated coefficients may be in error by 20% since the

dimension used in the calculations was l-ft dia instead of 4-ft dia. It was

felt that reanalysis was not justified in view of the uncertainty with respect

to stratification.

The thermal model used for this analysis is shown in

Figure 12. Steady-state temperatures were calculated by the Aerojet Thermal

Network Analyzer computer program which solves n-dimensional heat flow problems

through the use of an electrical analog of the thermal network. Finite dif-

ference methods are employed.

The results of the analysis are shown in Figure 13

for tank surface conditions of

s
= 1.0

E

= 1.0
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As can be seen from the figures, tank temperatures range from 2°F to 130°F

with the bulk temperature at 40°F. For the conditions of the analysis, neither

boiling nor freezing of the propellant will occur. The indication is that no

extreme difficulties would be encountered in the design of storage tanks for

the neat MMH.

(2) Gelled MMH

The purpose of this study is identical to that for

the neat MMH, i.e., the determination of the precautions which must be taken

to avoid propellant boiling or freezing. Again, the tank pressure was taken

at i atm, limiting the propellant temperatures to the range -60 to 190°F.

The analysis for the gelled MMH is less questionable

and somewhat more straightforward than for the neat, because the mechanism of

heat transfer through the propellant is definitely conduction. Figure 14

depicts this thermal model used for the analysis. The Thermal Network Analyzer

was again used to calculate steady-state temperatures.

Two cases were analyzed, and the results are shown

in Figures 15 and 16. In the first case, the tank surface conditions were the

same as those used in the neat MMH analysis.

s
= 1.0

E

a = 1.0
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III, B, Task ll--Preliminary Analysis (cont.)

Propellant temperatures range from -250°F to 250°F. These temperatures indi-

cate that tank surface conditioning or shielding is required to reduce the

temperature spread and maintain the propellant temperature higher than the

freezing point on one side of the propellant bulk and lower than the boiling

point on the other side.

Using the results of the first case as a basis for

estimating the required surface conditioning, the second case was analyzed for

= 0.5
s

= 1.0 (emissivity on sun side)

e' = 0.02 (emissivity on opposite side)

For these tank surfaces, the propellant temperature spread, with the exception

of a section of tank from 75 ° < 0 < 90 ° , is from -40°F to 135°F--acceptable

from the point of view of freezing or boiling. Although the analysis was done

for solar absorptivity of 0.5 and a sun side emissivity of 1.0, the results of

the analysis would not change significantly if their absolute values were

changed somewhat but the ratio of absorptivity to emissivity was maintained at

0.5. The reason for this is that the tank surface is almost an adiabatic wall,

i.e., the heat conducted into the propellant is approximately two orders of

magnitude less than the solar heat absorbed or the heat radiated from the

surface. For a true adiabatic wall, the tank surface temperature would be

purely a function of the ratio of absorptivity to emissivity.

The low temperature, -78°F, shown on the section of

tank at 75 ° <e< 90 ° is due to the shallow angle of incidence of the sun's

radiation on this surface. To bring this temperature up above -30°F, the
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surface in this area would have to be conditioned to have a higher value of

the ratio of solar absorptivity to emissivity, approximately i.

Although the tank surface conditioning in the second

case would eliminate boiling or freezing, it has two drawbacks. The first is

the strong probability of degrading the highly reflective (e' = 0.02) "shade"

side surface of the tank during long storage times in space because of exposure

to stray ultraviolet radiation or because of bombardment by mlcrometeorites.

The second drawback is the nonisothermal condition of the propellant. Since

the rheological properties of gelled MMH change significantly over the tempera-

ture range of -40°F to 135°F, the flow rate would change significantly during

an engine firing with a fixed tank pressure.

In view of these disadvantages it would be recom-

mended that for gelled MMH storage, radiation shielding be used to maintain

the propellant temperature extremes within narrower limits.

(3) Neat OF 2

Since OF 2 is a cryogenic with a saturation tempera-

ture of -230°F at i arm--the assumed tank storage pressure--the main concern

in this section of the investigation was to find how the boil-off rate of the

OF 2 could be kept to an acceptable level or eliminated completely. The

problems associated with this analysis are similar to those for the neat MMH

analysis; the mechanism of heat transfer at the tank wall and the degree of

propellant stratification are questionable. As with the neat MMH, it has been

assumed that stratification does not take place, i.e., the propellant bulk is

isothermal.
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III, B, Task ll--Preliminary Analysis (cont.)

For situations in which OF 2 boiling takes place,

i.e., there is a net heat flux into the tank, the heat transfer mechanism at

the sun side of the tank is nucleate boiling. Rohsenow (Ref 14) states that

the maximum heat flux in nucleate boiling can be calculated as follows:

v]PL -P
(q/A) max = 143 ft/hr (Ref 14) (Eq 4)
P v hfg go Pv

For OF2, this heat flux is 0.0274 Btu/in. 2 sec. Since solar radiation to a

black body is 0.000852 Btu/in. 2 sec, and it is the maximum possible heat flux

to the tank wall, the OF 2 will experience nucleate boiling and not film boiling.

Nucleate boiling implies a small temperature difference between the tank wall

and the propellant bulk, so the sun-side tank wall has been taken to be the

saturation temperature in this case.

Convective heat transfer coefficients have not been

calculated for the "shade" side of the tank. Because of the lack of data with

respect to the coefficient of expansion of subcooled OF 2 needed to calculate

the Grashof Number, in addition to the uncertainties of stratification and

convective heat transfer within a sphere, it is felt the calculation would not

be warranted. Since the analyses were done for propellant boiling or, in the

limit, prevention of boiling, the OF 2 bulk temperature was taken to be the

saturation temperature. The shade side of the tank was therefore also assumed

to be at OF 2 saturation temperature. This may be a fair estimate because of

the low heat flux radiated from the shade side of the tank at this temperature--

9.25 x 10 -6 Btu/in. 2 sec.

For the above-stated conditions, a relation between

boil-off rate and the solar absorptivity on the sun side of the tank is shown

in Figure 17. If an acceptable boil-off rate is taken to be 2.21 x 10 -5 ib/sec,
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III, B, Task ll--Preliminary Analysis (cont.)

a rate which corresponds to 10%boil-off in a 15-month mission, it can be

seen that the solar absorptivity would have to be impractically small. In

view of this, it was concluded that radiation shielding would be required to

limit or prevent boil-off.

Figure 18 shows the thermal model used to determine

the shielding required to prevent boil-off. The analysis was performed by

finding the numberof shielding elements which would limit the heat input to
the sun side of the tank to a value equal to that radiated from the shade side,

a net heat input of zero. As indicated in Figure 18, a shielding element is a

thin sheet oriented parallel to the tank surface, and ideally having no thermal

contact with the tank surface. The equation used in this study is as follows:

In the development of this equation, it was assumed that the surface of the

outboard shield element can be considered an adiabatic surface relative to

solar radiation. From the results of the analysis (Figure 19), it is concluded

that the neat OF2 tank could be shielded to prevent boil-off.

(4) Gelled OF 2

The study was made to determine if "boiling" of the

gelled OF 2 can be prevented without resorting to extreme measures in tank

design. The thermal model used for the study was similar to that used for

gelled MMH, with one exception. Because the limiting temperature on the sun

side of the tank was the saturation temperature of OF 2 at i arm in order to

prevent boiling, the temperatures on this side of the tank were held at -230°F.
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III, B, Task ll--Preliminary Analysis (cont.)

With this condition, propellant temperatures were determined at steady state,

along with heat rejected to space from the shade side of the tank. Propellant

temperatures are shown in Figure 20.

Having determined the heat rejected to space, it was

evident from the work done for the neat MMH that surfacing conditioning alone

was not a practical method of preventing boiling. Therefore, the degree of

shielding required was determined in the same manner as for the neat OF 2. The

results of this analysis show that more effective shielding is required for the

gelled than for the neat OF 2. Less heat is rejected to space since the shade-

side temperatures are lower for gelled OF2, requiring, therefore, that the heat

input on the sun side be less.

It should be pointed out that if uniform shielding

on the sun side of the tank is used, the condition of an isothermal surface on

this side of the tank is only an approximation. There will be a variation in

temperature as there is a variation in solar heating in the azimuthal direction.

The result would be to lower the heat rejection to space and cause the results

of this analysis to be somewhat unconservative.

It is concluded that radiation shielding can be

used to prevent boiling in gelled OF 2 (Figure 21).

(5) Conclusions

As is evident from the preceding discussions, the

work done in this study is idealized, and is presented to point out heat-

transfer problems which will be encountered if one or any of the propellants

are stored in space for a considerable length of time. It is not meant to be

a detailed design study. Obviously more serious consideration would have to
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be given to the questions of propellant stratification and convective heat

transfer coefficients for spheres in low gravity fields. The design of an

actual heat shield, taking account of "heat leaks" between elements and end

effects, would require study. The vehicle configuration could not be ignored

in a real design study.

From this investigation, it can be concluded that

any of the propellants studied can be stored in space--some with more diffi-

culty than others.

4. Hydraulic Transients

The use of gelled propellants in liquid rocket engine systems

has several advantages. From a hydraullc-flow point of view the main distin-

guishing feature of such propellants is their characteristic non-Newtonlan

flow. It was the purpose of this investigation to analytically evaluate the

effect of these characteristics on engine transient performance.

a. Existing Liquid Engine Transient Model

Startup and shutdown transient simulation for Aerojet-

General Corporation liquid rocket engines is usually obtained from the 109

computer program. This program uses a "building block" approach to simulate

any engine by combining up to i00 components. Each component represents a

line section, valve, thrust chamber, or similar item of the actual engine.

The equations for each of these types of components are available in subroutine

which are used as often as required. The effects of non-Newtonian fluids

appear in calculating pressure drop versus flow rate. This was done in four

commonly used subroutines: (i) SR-l--rigid line, (2) SR-2--elastic line,

(3) SR-8--valve, and (4) SR-37--inJector. In all these subroutines the existing

program computes pressure drop (or solves for weight flow) from the basic

equation:
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III, B, Task ll--Preliminary Analysis (cont.)

.2
w

AP = C --
0

where hydraulic resistance, C, is considered to be a constant.

b. Non-Newtonian Flow--SRI6AB

A Newtonian fluid is one for which the ratio of shear

stress to shear rate is constant (viscosity). In a non-Newtonian fluid the

ratio of shear stress to shear rate is not constant, but is a function of

shear rate and, in some cases, of the past history of the material. Thus,

viscosity is no longer a useful concept, and it is necessary to use the shear

stress versus shear rate diagram (often called a rheogram) to compute the

pressure drop. Because of the use of pressure-drop calculations in several

subroutines, and to increase flexibility, it was decided that instead of modi-

fying each 109 subroutine, a new subroutine would be written which would cal-

culate an effective hydraulic resistance as a function of flow rate and llne

size and then store the result in the existing component. This subroutine is

numbered 16AB in the 109 system, and its flow chart is shown as Figure 22. Each

entry into SRI6AB permits the calculation and storage of up to six resistances.

Certain features should be noted.

I. Each resistance can be split into two parts: one

constant, and a second, a function of friction factor (shear stress). Thus,

pressure drops can be represented as partly due to a straight velocity squared

loss and partly to friction.

2. To use the existing valve subroutine the maximum

diameter and wide-open resistance are inputed. An effective diameter is then

calculated from the ratio of valve reference resistance (wide open) to the

instantaneous resistance (obtained from a curve of K versus position), the
w

ratio being taken to the one-fourth power.
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III, B, Task ll--Preliminary Analysis (cont.)

3. Provision is included for computing an effective

resistance for elastic (water hammer)lines where inlet and exit flow rates

are different.

c. AssumedEngine

Once SR16ABhad been checked out, it was used in
m

obtaining typical startup, shutdown, and throttling transients for a pressure-

fed liquid rocket engine. For convenience, an existing engine was selected

and used with no changes except in propellants and pressure schedule. The

engine selected was basically the current Apollo service module engine. The

thrust chamber valve actuation system of the model was not used; instead, the

valves were assumed to be actuated linearly by an external power source. All

other hardware remained the same.

d. Propellant Properties and Pressure Schedule

The existing Apollo llne sizes, injector, valves, and

thrust chamber were used. Resistances were apportioned in the following manner:

A Reynolds number and a friction factor were computed

for the current Apollo lines. These were used to compute a resistance for the

line segment. This resistance was, in all cases, less than the resistance

currently in the program. The difference was spilt--half as a veloclty-squared

loss, and half as an additional friction loss. Injectors, valve, and orifice

resistances were similarly split with half of the current resistance assumed

to be proportional to friction factor.
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III, B, Task ll--Preliminary Analysis (cont.)

Chamber pressure was selected to produce 20,000 ib

thrust. For the first startup case, tank pressures of 175 psia were used and

the lines were orlficed to obtain the desired operating point. As discussed in

Section e, below, this resulted in the engine with gelled propellants starting

faster than the engine with neat propellants. To provide a better comparison,

it was decided that all remaining cases would use the same oriflcing for both

engines and to change tank pressure to obtain the desired balance point.

Steady-state pressure schedules for the gelled and neat propellants (Systems 3

and 4) are shown in Table ii.

Two sets of runs were made with the gelled propel-

lants. The first set, Systems i and 2, used an erroneously low turbulent-

slope for the gels while the second set, Systems 3 and 4, used the GOF2-EI and

GMMH-SI slope of 1.75. The erroneous turbulent slopes for the gelled oxidizer

and fuel were only 1.06 and 1.34, respectively. At higher shear rates, these

gels had lower pressure drops than the neat propellants. One example run with

the erroneous gel data is included in the tabular data only to show how little

the "gel" start transient was affected.

e. Start Transients

Start transients for the Systems 3 and 4 are shown in

Figures 23 through 26. In all the plots the first part shows pressures,

thrust, and valve position, whereas the second part shows weight flows and

mixture ratio. Pertinent transient data are listed below:
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III, B, Task ll--Preliminary Analysis (cont.)

System No. i 2 3 4

Fuel MMH GMMH MMH GMMH-SI

Oxidizer OF 2 GOF 2 OF 2 GOF2-EI

PfT' psia 175 175 134.8 148.4

PoT' psia 175 175 124.3 154.3

Oxidizer fill time, sec 0.267 0.254 0.255 0.261

Ignition, sec 0.306 0.292 0.288 0.287

Time to 90% thrust, sec 0.369 0.340 0.323 0.329

Thrust overshoot, thrust, % 14.0 23.0 38.5 25.0

All transients were run with the same valve opening time

of 500 millisec and the valve characteristics of the Apollo valves. The most

noticeable feature of these transients is that the differences are relatively

minor and of the type that can be modified by changing valve opening times or

by modifying valve characteristics. Comparing Systems i and 2, it is seen that

the engine using the gelled propellants with the low turbulent slope (System 2)

started faster than the engine using neat propellants (System i). This is

primarily due to the different pressure drops during the fill period and the

different orifices. The engine with gelled properties has a lower orifice drop

because of higher pressure drops in the remainder of the system at steady state.

During the fill period the orifice is primarily controlling the flow, and hence,

the engine using the gels fills its manifolds quicker.

The remaining cases (Figures 23, 24, 25, and 26) were

all run with the same orifice resistances and tank pressures adjusted to give

the desired steady-state operating points, Systems 3 and 4. It will be seen

that the gelled System 4 (Figures 25 and 26) shows a slightly lower startup

than with the neat propellants. Again, this difference can be modified by

changes in valve timing. Both cases show a considerable thrust overshoot due

to the low system-resistances controlling at the time of ignition. Such
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III, B, Task ll--Preliminary Analysis (cont.)

overshoots can be reduced by opening the valves more slowly, by recontouring

valve pintles, or by reducing manifold volumes.

f. Shutdown Transients

Shutdown transients for Systems 3 and 4 are shown i_

Figures 27, 28, 29, and 30. Differences in shutdown times, thrust decay curves,

and first water hammer pressure spikes are completely negligible. Differences

in the valve inlet pressures after valve closure will not normally be important

but may be significant for a pulsed engine or for a system using multiple thrust

chambers fed from a common manifold. The relatively low frequency (17 and

13 cps) shown in Figure 27 results because of the use of bellows in the Apollo

lines. The rate of damping shown in Figure 27 for these oscillations is typical

of the computer prediction; actual shutdowns generally show a higher damping

rate. Figure 29 shows that the damping of these low-frequency oscillations is

considerably increased with the gels. However, Figure 29 indicates the presence

of a higher frequency oscillation not observed with the neat propellants.

Cases run during program checkout have shown this type of oscillation to be

characteristic of rheology diagrams having relatively flat slopes for the

laminar line. It is believed that this oscillation will not be observed with

real gels but is due to the lumped resistance character of the model.

g. Throttling Transients

Figures 31 through 34 show some typical throttling

transients for Systems 3 and 4 in which thrust is reduced to approximately 25

to 30% of full thrust, with a valve closure time of 75 millisec. The valves

used are not particularly suitable for throttling because they produced a

large mixture ratio shift in the throttled condition. The cases are comparable,

however, and illustrate that there are no significant differences in transient

times between gelled and ungelled propellants for this type of throttling.
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III, B, Task ll--Prellminary Analysis (cont.)

As indicated previously, the main difference between gel
and Newtonian flow is encountered in throttling when the gel flow becomes

laminar. The calculated flow rates and pressure drops for the neat and gelled

oxidizers were substituted into the equation:

where:

= flow rate, ib/sec

and AP = pressure drop, psi

The equation was solved for the controlling exponent "n"

for the pressure drop from the oxidizer tank to the thrust chambervalve inlet

and for the pressure drop across the injector with the following results:

Neat OF 2

Flow rate ratio 2.11

n, tank to valve 1.68

n, across injector 1.99

GOF2-EI or -E2

2.30

0.745

i .90

Since values of n of 1.0 and 2.0 represent Newtonian

laminar and turbulent flow, respectively, it can be seen that the gel flow

became "gel laminar" (n < 1.0) during the throttling. The throttling was not

deep enough to cause the injector gel flow to drop significantly into the

laminar regime, although the gel flow across the injector is less turbulent

than the neat 0F2 during the throttling.
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III, Technical Discussion (cont.)

C. TASK Ill--COMPONENT DESIGN ANALYSIS

i. Propellant Expulsion and Control

a. Positive Expulsion

Examination of available gel data and the operating

characteristics of positive expulsion devices indicate that there should be

no significant difference between using a positive expulsion device on a neat

propellant and on a gelled propellant. Of course the gelled system may have

a higher operating pressure due to higher pressure drops downstream of the

expulsion vessel, but the operation of the positive-expulsion device and its

expulsion efficiency would not be effected. Positive-expulsion devices con-

sidered were various metal diaphragms (bonded rolling, Arde' reversing hemi-

spheres, the JPL corrugated expanding hemisphere, etc.) metal bellows, and

nonmetallic bladders.

Gelled propellants will add their slosh and vibration

damping effects to that of the positive-expulsion devices. The reduction in

vibration and slosh due to the gel will be most pronounced with those devices

which hold the propellant least rigidly. For nonmetallic bladders of Teflon

or some elastomer, the primary benefit of a gel would be to somewhat reduce

sloshing of the bladder-contained propellant bulk. For a metal bellows in a

containment can, the primary benefit of gelling the propellant would be reduced

vibration between the bellows and the pressure vessel. This would increase

the usable life of the bellows by reducing vibration-induced fatigue at the

bellows-leaf weld lines.
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III, C, Task lll--Component Design Analysis (cont.)

b. Gel Position During Weightlessness

Calculations indicate that the yield stress of the gel

will maintain the position of the gel in the bottom of a propellant tank during

weightlessness. Surface tension forces will not make it wet the walls of the

propellant tank. A yield stress of i000 dyne/cm 2 (0.0145 psi) is sufficient

to overcome surface tension forces for a cylindrical section of tankage or

tubing down to less than 0.060 in. dia.

This conclusion was reached by balancing the surface

tension force against the yield stress force and solving for the diameter:

_Do = _4 D2 Ty

4o
D -- --

T

Y

where

d = diameter, ft

= surface tension, ib/ft

T = yield stress, ib/ft

For example, N204 and AeroZINE 50 which have maximum surface tensions of about

33 dyne/cm (2.3 x 10 -3 ib/ft) cannot overcome the i000 dyne/cm 2 yield stress

until the diameter of the cylinder is reduced to less than 0.052 in. The

surface tensions of some cryogenic propellants are listed below for comparison.

They are all much lower than the maximum values for the storables.

Propellant Surface Tension (ib/ft)

LH 2 0.20 x 10 -3

LO 2 0.91 x 10 -3

LF 2 0.90 x 10 -3
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III, C, Task lll--Component Design Analysis (cont.)

c. Suitable Expulsion Devices

It appears likely that positive-expulsion devices will

not he necessary for pressure-fed spacecraft propulsion systems which expell

gels only while the main engine provides a helpful acceleration of about 0.5 g

or more; however, further testing will be required to verify the design tech-

niques for avoiding positive expulsion devices. (These design techniques are

described at the end of the next section.) Positive expulsion devices will be

required to expell gels when zero or low (less than 0.2g) helpful acceleration

forces are present. For adverse accelerations, gelled propellants will also

require positive expulsion devices. Unless a significant helpful acceleration

is present during the expulsion process, the pressurant gas tends to core

through the gel bulk to the liquid outlet leaving an unacceptably large percent

of residual propellant.

There is no doubt that the screens can be used to contain

a gelled propellant at one end of a tank against an adverse acceleration of

one g or more. The only question was the ability to design a screen contain-

ment assembly through which the gel may be expelled against an adverse accelera-

tion (gas in the bottom; liquid out at the top).

In order to expel against an adverse acceleration, the

screen must have a higher pressure drop to the gas than to the liquid.

Newtonian fluids exhibit this property because the surface tension at the

gas-liquid interfaces (at the screen pores) creates a greater pressure drop

for the gas across the screen than caused by the liquid flow rate across the

portion of the screen which connects to the propellant outlet by a fluid-fluid

path. The upper portion of Figure 35 illustrates how pie-pan-shaped screens

accomplish this feat.
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III, C, Task lll--Component Design Analysis (cont.)

The lower portion of Figure 35 illustrates another area

of concern for both neat and gelled propellants, and that is whether or not

the pie-pans that have had gas enter them can be completely refilled with

liquid by the acceleration of the main engine. Preliminary indications are
that it will be difficult to do so.

The effect of gelling a fluid on its surface tension, or

whatever other property then becomesthe significant parameter in controlling

the gas-gel critical pressure-drop across a screen, was not apparent so the
tests described in the following section were performed.

d. Screen Containment and Expulsion Tests

(i) Introduction

A series of gel expulsion tests were conducted in

transparent acrylic tanks to gain further insight into the behavior of gels
with propellant containment screens designed for neat (nongelled) fluids.

Someexpulsions were also madeto evaluate the expulsion efficiency of a flat
bottomed tank with and without a baffle over the gel outlet.

The two gels used for these tests were water gelled

with 0.27%Carbopol 940 (an organic gelling agent) and water gelled with 5.2%

Santocel Z (submicron Si02 particles). Characteristic flow curve for each gel
through an ASTMD-I092 capillary viscometer is shownin Figures 36 and 37.
Each gel had a yield stress of 1400 dyne/cm2 as measuredon a rising sphere

rheometer. The Carbopol gel was colored a transparent dark blue, whereas the

Santocel gel wascolored an opaque red. The neat water was colored a dark

green for the tests, and sawdust was floated on top of the water for some

sequences. The green coloring was added to improve contrast.
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III, C, Task lll--Component Design Analysis (cont.)

(2) Testing

(a) Apparatus

The test apparatus consisted of two acrylic-

walled (4.75 in. ID by 8 in. long) cylindrical tanks with flat aluminum end

plates, connecting tygon tubing, and a squeeze bulb or shop air for an air

pressure supply (Figure 38). Either flat or pie-pan screens were placed across

the interior of the main tank and sealed at the edges approximately 2 and 4 in.

from the bottom of the tank. The receiver tank had a 1.85-in.-dia, curved-

disk baffle placed 0.17 in. above one outlet. Both tanks were used for expul-

sions in the normal and inverted positions.

The stainless-steel screens used in these tests

were flat circular sections of 70 by 64 mesh (0.0065-in.-dia wire, 200 micron

openings) and 18 by 18 square mesh (980 micron openings) and pie-pan shaped

assemblies of i00 by i00 square mesh (0.006-in.-dia wire, 150 micron openings).

The pie-pan assemblies were composed of a flat circular disk at the base with

corrugated (pleated) sides to increase the surface area.

(b) Procedure

After the main tank was assembled with the screen

sections of interest installed, the received tank was filled about 75% full

with one of the two gels and was closed. Either a hand-operated squeeze bulb

(20 psig maximum) or the laboratory air supply system (50 psig maximum) was

used to fill the main tank from the bottom with gel from the received tank

until the uppermost screen section had been covered by the gel. Expulsions

from the main tank to the received tank were made by moving the air supply to

the top of the main tank. Successive tests were made by expelling the same

gel back and forth from one tank to the other.
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III, C, Task Ill--Component Design Analysis (cont.)

(c) Tests and Results

A summaryof the organic and particulate gel

expulsion tests is given in Table 12.

Organic Gel

a Normal Screen Expulsion

In Test i, the two pie-pan configura-

tion for the main tank (shown in Figure 38) was filled to just above the upper

pan surface and then expelled with shop air while in a normal upright position.

The gel level dropped until a thin film covered the surface of the upper pie-

pan (followed its contour), then the air cored down through the middle of both

pans to the gel discharge port (Figure 39). It was estimated that approximately

10%of the volume between the upper pan and the bottom of the tank was

expelled.

b Reverse Screen Expulsion

In Tests 3 and 5, the two pie-pan

configuration was filled to just above the upper pan. The tank was inverted

and an attempt madeto expel the gel against gravitational acceleration. In

each case (the fast expulsion with shop air and the slow expulsions with the

squeeze bulb) only a small portion of the gel was expelled from between the

pans before the air broke through and cored to the gel outlet to end the

expulsion (Figure 40). About 5%of the contained gel was expelled in each case.
It was noted that whenthe air which cored through the residual gel in the

main tank cameup through the gel in the receiver tank, it formed a thin
vertical flow channel which left the bulk of the gel undisturbed. Whenthe air

flow was terminated, only a few residual bubbles remained in the gel in the
receiver tank.
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III, C, Task lll--Component Design Analysis (cont.)

c Unbaffled Expulsions

In Tests 6, 7 and 8, the receiver

tank was filled about 80% full and then expelled by the shop air supply until

the air cored through the remaining gel to the outlet. The results of each

expulsion were identical with the final surface contour of the gel sloping from

the walls of the tank (2 in. above the bottom) down to the outlet (Figure 41).

It was evident that nearly all of

the flow was confined to a cone with a total included angle of 90 ° extending

up from the outlet (Figure 41). The maximum gel velocity was essentially axial

and fell off rapidly as the included angle of the imaginary cone was increased.

Near the end of the expulsion, the axial velocity gave the appearance of slid-

ing progressive surface layers of the gel down into the outlet. The expulsion

rates were:

Vexit , in./sec Vtank , in./sec V, in.3/sec

Test 7 31.6 0.088 1.55

Test 8 28.5 0.079 1.40

The diameter of the tank was 4.75 in.,

whereas the diameter of the exit port was 0.25 in. An average gel depth of

1.5 in. (26.6 in. 3) remained in the tank.

d Baffled Expulsion

The receiver tank was filled and

expelled through the baffled port. The average depth of the residual gel after

coring was 0.8 in. (14.2 in. 3) above the raised outlet under the baffle. The

gel seemed to core uniformly around the baffle disk and left a mound of gel on

the disk (Figure 42). The residual gel for the flat-bottomed tank with the

baffle disk was 53% of that without the baffle disk.
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2 Particulate Gel

a Normal Screen Expulsion

During the initial fill attempt of the

main tank in Test i, the i00 by i00 square mesh screen (150 micron openings) in

the pie-pan assembly filtered out most of the submicron SiO 2 particles so that

clear, transparent red liquid appeared in the lower pie-pan. (The SiO 2 particles

in the concentration required to form a gel are opaque but they are not indi-

vidually discernible by the naked eye which is usually limited to greater than

40 micron particles.) At a 15 to 20 psi drop across the pie-pan, the liquid

above the pie-pan remained clear and transparent and continued to accumulate at

a decreasing rate. SiO 2 particle "bridging" may have caused separation.

After filling the lower pie-pan 20%

with clear liquid, the liquid and the gel were expelled. The nongelled clear

liquid immediately cored to the outlet through the thick gel cake below the

pie-pan.

A second attempt to fill the pie-pan

resulted in a cloudy liquid (not gelled) accumulating in the pan. The liquid

was poured off and the tank disassembled. The i/2-in.-thick gel cake below the

pie-pan had a pasty, rubbery consistency similar to that obtained by allowing

a portion of the liquid to evaporate from the normal water/Santocel Z gel.

b Unbaffled Expulsion

In an unbaffled expulsion from the

receiver tank with shop air (Test 2) the gel cored when its surface-to-wall

contact point was 2.0 in. above the flat bottom of the tank (Figure 43). It

was estimated that the average depth of the residual gel was 1.6 in. (28.3

in.3). The particulate gel did not adhere to the acrylic tank wall as much
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III, C, Task lll--Component Design Analysis (cont.)

as the organic gel. As the filling of the main tank was completed for

Test 3, the gel in the receiver tank cored in the same manner as described

above for Test 2.

c Normal Flat Screen Expulsion

In Test 3, the main tank was filled

and a normal expulsion made by shop air through two flat screen disks. The

18 x 18 mesh (0.0386-in. or 980 micron openings) disk and the 70 x 64 mesh

disk were 2 and 4 in. above the bottom of the tank. During the fill operation,

there was some liquid separation noted in the material forced through the

70 x 64 mesh screen (200 micron openings), but no separation when the gel

passed through the 18 x 18 mesh screen. When expelled, up to an inch of gel

was left on top of the 70 x 64 mesh screen. About 65% of the gel between the

screens was expelled before the air cored to the outlet, taking about 5% of

the gel below the 18 x 18 mesh screen with it (Figure 44). It is likely that

coring at the center of the upper screen was encouraged by the direct impinge-

ment of the pressurizing air stream on the gel at that point.

In Test 5, the amount of gel expelled

was the same with only small differences in the pattern formed by the air when

it cored through the gel.

Following the Test 3 expulsion, the

tank was refilled from the bottom (as usual). The screened volume filled

completely, but it was noted that the residual gel on the upper screen disk

(70 x 64 mesh) lifted at one edge as a flexible, cohesive cake to allow the

refilling gel to move up past it. The rubbery, cohesive nature of the gel

layer on the 70 x 64 mesh screen indicated that some of the fluid has been

filtered from it during the original expulsion.
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III, C, Task Ill--Component Design Analysis (cont.)

d Reverse Flat Screen Expulsion

In Test 4, a single reverse expulsion

of the main tank was madeusing the screen configuration used in Tests 2, 3,

and 5. It wasestimated that less than 5%of the gel within the screened

volume was expelled although the gel was essentially opaque and the size of
cavities which touched the acrylic walls could only be guessed (Figure 45).

Again somegel/liquid separation had occurred at the 70 x 64 meshdisk during

filling, because, during the reverse expulsion, a cohesive layer of material

lifted at one edge to allow the air to pass.

e Normal Expulsion with Slosh

Test 6 was a normal flat-screen expul-

sion in which a horizontal slosh motion of 3 to 4 cps was imposed on the main

tank by manually shaking it. When the gas cored to the outlet, a 0.4-in. layer

of gel was left on both screen disks and a 0.6-in. layer of gel (10.6 in. 3) on

the flat end-closure of the tank (Figure 46). The slosh shaking reduced the

residual gel, particularly that left on the flat screen disks.

f Baffled Expulsion

In an expulsion through the baffled

outlet of the receiver tank (Test 7), the air cored to the outlet when the gel

surface contacted the acrylic wall 0.9 in. above the level of the outlet

(Figure 47). The average depth of the residual gel above the outlet was esti-

mated to be 0.6-in. (10.6 in. 3) or 40% of that left by the unbaffled expulsion

(i. 6-in. ).
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III, C, Task lll--Component Design Analysis (cont.)

(3) Discussion

In each expulsion test with both the organic and

particulate gels, the gel viscous effects overcame the neat fluid, surface-

tension effects. While less coring was experienced when normal expulsions were

attempted (liquid at the bottom of the tank), in all cases the presence of the

screens caused expulsion efficiencies within the screened volume of only 5

to 10%.

When the gels were being held within a volume by a

screen barrier, the gel yield stress and its high, low-shear viscosity aided

the surface tension and provided a strong resistance to flow through the screen.

Thus a screen over a gel can keep it in the bottom of a propellant tank against

several g's, but gel expulsions through screens should be avoided because of

viscous coring.

To obtain high expulsion efficiencies (ca 98%) in

unbaffled expulsions, it appeared that a conical gel tank end-closure and outlet

with an included angle of 90 ° or less is required in addition to an accelera-

tion in the direction of the gel outlet. The 90-degree included cone angle is

based on noting that there was no flow to the unbaffled organic gel outlet

in the region from horizontal to 45 degrees above horizontal for the flat

bottomed tank. (The particulate gel was opaque so no flow pattern could be

observed.)

Other gel expulsion experience has shown that gel

expulsion efficiency is dependent upon the acceleration level; therefore, a

narrower cone angle and steeper cone wall will probably be required for accelera-

tions of less than lg. One possible approach would be to increase the slope

of the cone wall until the acceleration component along the wall is equivalent

to that of the 90-degree included angle cone at ig; namely, about 0.7g. Another
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III, C, Task Ill--Component Design Analysis (cont.)

approach would be to contour the tank end-closure and outlet to the shape
taken by the organic gel when expelled without a baffle. For lower accelera-

tions, that contour should also be madesteeper.

The central baffle over the outlet showedpromise

for increasing the expulsion efficiency of gelled propellants with possibly

muchless modification to the lower end closure of the pressure vessel. The
ability to use a hemispherical rather than a conical end-closure would avoid

a weight penalty resulting from a heavier conical section. Since this was a

test of a single design, additional work is indicated to determine an optimum
design and scale-up parameters. Perhaps a small hole drilled in the center

of the baffle could be used to reduce the gel residual left on the baffle.

The lower gel residual obtained when the tank was

sloshing corresponds to other expulsion data which shows that any vibration,

sloshing, or increased acceleration forces toward the outlet will improve the

expulsion efficiency. Presumably, this is helping to break the gel's adhesion

to the tank wall, overcoming the gel's yield stress, and increasing the shear

forces on the gel, which has the effect of lowering its apparent viscosity
(shear-thinning fluid).

Another factor which will improve gel expulsion effi-

ciencies is the ability of the gel to hold itself together in a single flow-

able body (cohesive), while not sticking to the wall of the propellant tank

(noncohesive or adhesive). For a given tank material, the gelling agent
determines the gel's cohesive tendency.

The gel-to-wall forces are usually thought of as a

property of the gel only becausemost tankage materials are similar in behavior;
however, these forces are affected by both the gel and the wall material surface

Page 74

I
I
I

I
I

I
I
I

I
I

I
I

I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

III, C, Task lll--Component Design Analysis (cont.)

exposed to the gel. Thus, for most fuels and some oxidizers, the expulsion

efficiency could be increased by coating the polished interior wall of the

propellant tank with Teflon or other "slick" material, if the gel tends to

adhere to the uncoated tankage material.

Of the effects mentioned--gel-to-wall adhesion,

vibration and slosh, helpful acceleration, and outlet baffle, and the slope of

the tank end-closure at the gel outlet--the gel adhesion characteristics and

the design of the gel outlet, end closure, and baffle offer the most promising

approaches to improving the expulsion efficiency of gelled propellants.

The reader is cautioned that obtaining a high expul-

sion efficiency is less of a problem with gels than indicated by these tests.

Data from more comprehensive test programs indicate that expulsion efficiencies

to 98 to 99% can be obtained with gelled propellants by suitable contouring of

the bottom of the propellant tanks and with the aid of vibration and accelera-

tion. Basically, these were screen containment tests so an available, flat-

bottomed tank, known to be a poor expulsion configuration, was used to obtain

relative, rather than absolute expulsion efficiency data as a by-product.

To obtain more representative data, specifically

designed hardware should be used with the intended gelled propellant in the

expected environment of low gravity, vibration, and slosh. The technique of

simulating low-gravity expulsions by using a liquid pressurant-fluid which is

slightly less dense than the propellant may be suitable for investigating this

problem.
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e. Slosh Tests

(i) Introduction

A series of slosh tests was performed with gelled

and neat (nongelled) water to investigate the dynamic behavior of gels with

respect to sloshing and to investigate the effects of high-frequency vibration

on the slosh characteristics of the gels. It was anticipated at the beginning

of the investigation that the dynamic behavior of the gels would be signifi-

cantly different than the behavior of Newtonian fluids (water). Motion pic-

ture films were prepared to provide a visual illustration of the significant

difference in the slosh behavior of gels with respect to the neat water.

(2) Test Configuration

An 18-in.-dia spherical acrylic tank was used for

the slosh tests. The tank was suspended by a cable to permit freedom of hori-

zontal movement and a hydraulic actuator with a servo-control valve was used

to provide lateral excitation. The test setup is shown in Figure 48. The

hydraulic actuator is on the left and an electrodynamic exciter on the right.

The two gels used for these tests were the same as

used in the screen containment and expulsion tests. Water gelled with 0.27%

Carbopol 940 (an organic gelling agent) and water gelled with 5.2% Santocel Z

(submicron Si02 particles). Each gel had a yield stress of 1400 dyne/cm 2 as

measured on a rising sphere rheometer.
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III, C, Task Ill--Component Design Analysis (cont.)

(3) Test Procedure

A constant displacement sinusoidal excitation was

applied to the tank at a fixed frequency. The excitation was continued until

the tank and fluid motion became stabilized, and then the force and displacement

in the actuator were recorded. The frequency was increased in unit steps of

0. i cps and the process repeated. The slosh resonant frequencies were determined

from the recorded data and visual observation. The slosh modes were then excited

and motion pictures taken. Damping decay records were made of the slosh

resonances by terminating the excitation and recording the resultant force

and deflection decays. The slosh investigations were conducted at three fluid

levels in the tank for each fluid. The levels were 30, 50, and 70% full.

High-frequency vibration was applied to the slosh

tank by means of an electrodynamic exciter oriented in an axis normal to the

slosh motion axis (Figure 48). Sinusoidal vibration was applied over the

frequency range of 5 to i00 cps at amplitudes up to 5g. The slosh modal

behaviors of the gelled fluids were observed during the applied vibration.

(4) Test Results

The slosh behavior of a fluid in a particular tank

configuration can be characterized by the frequency at which slosh occurs, the

motion of the fluid or mode shape, and the damping behavior or decay of

oscillation. In the slosh test program, the slosh resonances were established

by visual observation and by the use of the force-per-unit-displacement-

response curves. The slosh tests were conducted at a fixed amplitude of dis-

placement and the force required to maintain this displacement was measured.

The peaks in the force-per-unit-displacement curves correspond to the reso-

nances or slosh mode frequencies since the effective mass of the tank and

fluid are maximum at these frequencies. The response curves for the three
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fluids and the three fluid levels are shown in Figures 49, 50, and 51. The

height of the peaks in the response curves is indicative of the damping or

reduced severity of the slosh mode.

The results of the slosh tests of neat water were in

accordance with classical theories. The frequencies of slosh, the damping

behavior, and the change in frequency with fluid level followed classical

predictions. The slosh behavior of the two gelled waters was significantly

different than the slosh behavior of water. The fundamental slosh frequencies

and damping in the slosh modes were higher for the gelled waters, which is to

be expected because of the increased viscosity. The mode shapes or slosh

motion of the gels were completely different from water and were significantly

different from each other. This difference in modal behavior occurred at all

fluid levels. The Carbopol gel did not exhibit the typical pendulum motion of

a fluid in a spherical tank. In the fundamental slosh mode, the fluid motion

at the tank boundaries was very small and the motion consisted of the center

section of fluid moving in an opposite direction to the fluid along the side

of the tank. The modal behavior of the Santocel gel appeared to be a combi-

nation of the pendulum motion and the motion observed in the Carbopol gels.

The higher slosh modes of the two gels did not

exhibit any characteristics of neat water slosh modes. The motion of the fluid

is difficult to describe, but essentially consisted of a more circular hori-

zontal motion with little vertical motion of the fluid surface as compared to

definite vertical motion with neat water. The model behavior in the higher

slosh modes is not particularly significant, but it was recorded in the motion

picture film (Table 13).

The damping characteristics of the slosh modes are

best described by the decay in the fluid motion when the excitation force is

removed. The slosh motion of water continues for 30 to 40 cycles of oscillation
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III, C, Task Ill--Component Design Analysis (cont.)

after the excitation force is stopped. The slosh motion of the Carbopol gel

stopped after i to 2 cycles of oscillation and the motion of the Santocel gel

stopped within the first cycle after the excitation force was removed.

The objective of the slosh tests conducted with addi-

tional high-frequency vibration applied to the tank was to evaluate any thixo-

tropic behavior of the gels which may influence slosh behavior. The results of

this investigation showed no observable difference in slosh behavior due to an

applied vibration environment. Any change in the apparent viscosity of the

material which may have resulted from the applied vibration did not influence

the slosh behavior.
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2. Flow-Control Evaluation

Considerable prior effort has been directed to determining

potential gels, characterization of these gels, and how to produce them. This

effort is directed toward determining whether gels could be controlled in a

conventional manner, defining the potential problems and/or advantages in gel

flow control, and identifying specific areas that require more study.

The selection of the MMH/OF 2 propellant combination limits

the controls effort to a relatively narrow but typical scope. Since the OF 2

is a cryogenic oxidizer, some problems are introduced. Areas such as effective

bleed-in, fuel freezing, oxidizer vaporization, pressure venting, freezing of

controls, two-phase flow, and vapor pocket propagation would be encountered

with a cryogenic propellant in either liquid or gelled form. For this study,

the primary effort is to evaluate the gelled propellant as compared to the neat

propellant; therefore, the common problems of a cryogenic system will not be

discussed in detail except as is necessary to define areas in which specific

gel information is lacking.

The general area of material compatibility is treated

similarly. Potential material compatibility problems with the propellant,

regardless of whether in neat or gelled form, are not discussed. Areas where

gel characteristics could cause a peculiar problem are identified.

a. Gel Characteristics

The distinguishing characteristic of a gel is that it is

a non-Newtonian fluid. A Newtonian fluid at constant temperature has a constant

viscosity. The apparent viscosity of a gelled propellant is a function of

temperature, but in addition, the apparent viscosity changes as a function of
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III, C, Task Ill--Component Design Analysis (cont.)

shear rate. With a gel, the ratio of shear stress to shear rate (apparent

viscosity) decreases as the shear rate increases. This gel characteristic,

along with the fact that it has a yield strength, are the unique properties

that offer potential advantages for gelled propellants in rocket engine systems.

b. Control System Evaluation

Typical control systems for the specified application of

lunar ascent, lunar descent, and 15-month space probe are shown on Figure 52

and 53. With the primary intent of this study being an evaluation of typical

systems, no system optimization was attempted. The systems shown are patterned

after those presently used or proposed except for changes necessary to accom-

modate a cryogenic oxidizer. For the two lunar missions, the systems could

be essentially the same, with the only differences being in thrust levels and

throttling requirements. Since the use of a gel versus use of a liquid has no

effect on the pressurization system, only the system downstream of the propel-

lant isolation check-valves has been reviewed.

The basic systems are capable of essentially the same

transient and steady-state performance with both liquids or gels as reported

in the section on hydraulic transients. The intent of this section is to

identify areas where some differences are expected and define expected effects

of using the gelled propellants.

(i) System Filling and Bleed-In

With gelled propellants, initial filling and bleed-in

will require more attention to detail than that required for liquids. With a

liquid, static propellant head and high point bleed will provide a bleed-in

system. With the gel, some positive pressure will be required and the location
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for bleed ports will be a function of the flow passages rather than physical

orientation. Figure 54 illustrates this comparison. With the liquid, the gas

pocket will form at the top of the loop. With the gel, the gas pocket will be

pushed ahead of the gel column at the closed valve. This effect will be a

function of gel viscosity and flow passage size.

Bleed-in is not expected to be a problem except if

the gel were used as a valve actuation fluid. The potential problem with

actuation systems is discussed in Section c, (5), (a).

(2) Heat-Transfer Effects

The potential problems as a result of heat-transfer

effects for control components are not peculiar to gelled propellants; however,

the characteristics of the gels are not understood to the extent necessary to

define a comparative magnitude of potential problems.

The items of concern are fuel freezing and oxidizer

vaporization. In a bipropellant valve, heat interchange between propellant

cavities and heat soak-back from injector and chamber can occur. A most

likely effect is vaporization of the cryogenic oxidizer which can cause

problems with two-phase flow restart and require line venting to keep pressure

to an acceptable level. This is a problem common to both neat and gelled OF 2.

The unknowns that cloud this phenomenon for gels are the nature of vapor pocket

formation and propagation of thermal gradients in the gel.

(3) Decontamination and Cleaning

Decontamination and cleaning of the system is a

potential problem with the gelled propellants. This aspect would be of

particular significance on lunar applications where the engine system may go
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III, C, Task lll--Component Design Analysis (cont.)

through three firing-cleaning cycles prior to actual flight. The basic diffi-

culty envisioned is in removing all the residual gel from areas of low flow

velocity such as abrupt changes in suction of flow direction.

Work to date with nonmetallized gels indicates that

successful cleaning can be accomplished by conventional flushing using a

suitable flushing liquid. With the selected propellants, water and alcohol are

satisfactory for the fuel and water will also dissolve the oxidizer gelling

agent. Care must be exercised to ensure removal of all OF 2 before water is

introduced into the oxidizer system, since water and OF 2 are hypergolic. The

amount of flushing required will be a function of hardware condition. If the

hardware has dried, dissolving and removing the residual film will be more

difficult for the LiF gelling agent or the MMH.

An undesirable aspect of flush-cleaning is the

introduction of water into a cryogenic system. Although subsequent dehydration

should remove residual moisture, there remains a possibility of some moisture

being trapped which could form ice or explosive mixtures when the system is

used again. In view of this possibility, the frozen CIF 5 gelling agent is

preferred over LiF. One potential method would be to allow the oxidizer to

evaporate and then flow gaseous N2 through the system at high velocity. The

very fine lithium fluoride particles should be picked up and carried out of

the system by the gas flow if they do not adhere to the hardware. With the

CIF 5 gelling agent, evaporation leaves a completely clean system.

Recognition of the potential decontamination and

cleaning problem permits a design to minimize areas of gel entrapment and

control of postfiring procedures to minimize incomplete cleaning. Thus, with

early emphasis on these areas, satisfactory decontamination and cleaning would

be attainable without disassembly of hardware.
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III, C, Task Ill--Component Design Analysis (cont.)

(4) Leakage

Propellant leakage is a matter of concern with both

liquids and gels. With the selected propellants and gelling agents, leakage

should not be aggravated by use of the gels. The gelling particles used are
of submicron size and are not expected to be a problem for sealing surfaces
such as valve seals.

With the high apparent viscosity of the gels, liquid

leakage should be less frequently encountered than with the ungelled propellant;

however, vapor leakage should be essentially the same. An unknownarea that

may be worthy of further examination is leakage to space vacuum. As leakage

continues, it maybe possible, particularly with the fuel, that the gel film

would thicken and solidify to block the leak path as the fuel vaporized. Thus,

the small leak might be self-sealing. If this phenomenondid occur, it could

be of significant benefit from the standpoint of leakage redundancy require-
ments.

(5) Pressure Schedule

Fairly accurate empirical pressure loss equations

for tubing have been obtained from test data. Somework has been done on

cavitating venturis and orifices of sizes up to about 1/4 in. dia. Fairly

consistent water-versus-gel test results are reported for both venturis and
orifices (Ref DI7). No information has been found relating to pressure drops

through complex restrictions such as a poppet valve. Another significant

factor affecting system sizing is the laminar versus turbulent flow regimes of

gels. Turbulent flow is initiated at considerable higher velocities with a

gel than with a liquid. The significance of this factor was discussed in

Section lll,B,2,b.
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III, C, Task Ill--Component Design Analys&s (cont.)

Another factor which bears future investigation to

aid system design is the effect of temperature on apparent viscosity. The

pressure drop is a function of viscosity. This temperature effect may be

quite significant when trying to maintain a desired mixture ratio during

throttling and also during active propellant utilization adjustments. System

sizing must take into account the temperature effects as well as a velocity

effects.

(6) Material Compatibility

Effect of gelled propellant on materials should not

be any different than effects of the neat liquid. Data are available on

material compatibility to guide selection of acceptable controls materials.

There is a possibility that some materials could affect the propellant to break

down or change the gel characteristics. With the selected propellants and

materials used to date, no difficulty has been experienced. However, prior

AeroJet-General experience with a Carbopol gel and a synthetic elastomer used

as an expulsion bladder has shown gel breakdown can occur. This aspect of

compatibility is not of particular significance with controls but is worthy of

investigation with respect to the propellant.

c. Component Evaluation

(i) General

As shown on Figure 52 and 53, the components

required included check valves, pressure relief valves, solenoid-operated

shut-off valves, manually operated shut-off valves, propellant isolation valves,

burst diaphragms, and propellant control valves with on-off or throttling type

operation.
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III, C, Task Ill--Component Design Analysis (cont.)

Keeping in mind the comparison criteria of gelled

propellants versus ungelled propellants, the componentscould be basically the
samefor gelled or liquid propellants. In somecomponents, there maybe

advantages to be gained by minor internal changes for gel use as related to

cleaning and pressure drop as discussed previously; however, such changes would

not be mandatory. The only item of particular significance relates to propel-

lant actuation, which is discussed in a later section.

(2) Check Valves and Pressure Relief Valves

In the systems shown, the use of gelled propellants
has no effect on these components. The gel would not be in contact with the

components. For either the liquid or gel, the flow mediumwould be pressurant

gas or propellant vapor; thus, operating characteristics would be the same.

(3) Burst Diaphragms

The location of the burst diaphragm in the system

is such that the diaphragm would be ruptured by gas or vapor pressure rather

than by the gel. The fact that the gel location in the tank is knownmakes

this venting condition possible. This is an advantage for the gelled propel-

lant because gas or vapor would be expelled instead of liquid propellant. For
Newtonian liquids under zero-g conditions, vapor expulsion cannot be assumed

without the addition of containment devices.

(4) Shut-Off and Isolation Valves

There is no apparent reason why identical valves

could not be used for either liquid or gel. As mentioned previously, internal

changes to assure a constant restriction and to aid effective cleaning would be

desirable but are not considered mandatory.
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III, C, Task lll--Component Design Analysis (cont.)

(5) Propellant Control Valves

(a) Method of Actuation

Several conventional means of valve actuation

are available: propellant actuation, separate hydraulic supply actuation,

pneumatic, and electric. For gelled propellants, use of the propellant for

actuation is not recommended. The cryogenic oxidizer would be a poor choice

for either a gel or liquid. The fuel could be used but presents more difficult

problems in gelled form. The difficulties inherent in using fuel for actuation

fall in four areas: system bleed-in, dumping of actuation fluid, cleaning and

functional checkout.

Failure to achieve a completely bled system

can result in erratic opening and closing transients. This condition results

from the controls being sized to perform with a given liquid. The introduction

of gas pockets with different flow characteristics and compressibility upsets

the performance until the system is completely bled-in. Use of a gel would

aggravate the bleed-in problem because of the high apparent viscosity. Figures

54 and 55 tend to show the potential problem of the gel. As illustrated on

Figure 54 the gel will not fill a system in the same manner as a liquid. This

characteristic would have to be kept constantly in mind for a conventional

system bleed-in approach. Figure 55 showing a schematic of a throttling valve,

presents some idea of the complexity of the passages that would have to be

filled during bleed-in.

Use of propellant for actuation requires

propellant to be discharged, normally to the ambient atmosphere. In space

vacuum, this is a problem because of flash vaporization which can result in

liquid freezing. The vaporization and freezing phenomena for a liquid fuel
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III, C, Task Ill--Component Design Analysis (cont.)

are somewhatdifficult to predict analytically. A gel mayoffer additional

complexity because of the gelling agent. There are methods to overcome this
problem; however, they add to system weight and complexity.

Decontamination and cleaning of a propellant

actuated control is difficult with a liquid. As discussed previously, the gel

maybe more difficult to clean. Another aspect of this problem is that lubricant

wash-out and postdecontamination residue can affect the response of controls

during subsequent operation. Decontamination and cleaning, as with bleed-in,

would be moredifficult to achieve with a throttling control.

Functional check-out of fuel-actuated valves

must be accomplished by using a performance correlation between an acceptable

test fluid and the actual propellant. Obtaining a satisfactory correlation

maybe more difficult with gels because the gel performance would be noticeably

affected by both temperature and velocity.

Someindication of the scope of problems

resulting from fuel actuation is provided by recent Aerojet experience. The

Apollo service module engine originally had fuel-actuated propellant valves.
The above items were definite, although not exclusive, factors in the decision

to convert to a pneumatic actuation system. The Transtage engine propellant
valve was fuel-actuated. Recent work on an advancedversion of the valve

incorporates an electrical actuation system.

(b) Valve, On-Off Operation

With respect to this modeof operation, the

basic valve could be the same for either liquids or gels. The only criteria

for preference of the type of valve for gelled use would be the aspects of
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III, C, Task lll--Component Design Analysis (cont.)

cleaning and pressure-drop variation. Two valve types were considered for

possible applicability.

i Transtage Poppet-Type Bipropellant Valve

The original valve would not be a good

prospect for gelled propellant use. Fuel actuation is the primary objection.

Also, this valve had the fuel and oxidizer poppets mounted on opposite ends of

a common shaft with the flow such that proper functioning of the valve depended

upon both fuel and oxidizer line pressures. Although the transient pressure

characteristics of the gels during valve opening are apparently very similar

to the liquid, valve repeatability may be affected by changes in apparent

viscosity and main line bleed-in.

An improved version of this valve designed

for a wide range of applications should be suitable for gel use. This version

is electrically actuated using a rack and pinion. The fuel and oxidizer poppets

are on separate shafts with valve porting such that main line pressure tran-

sients will not affect valve performance. This design has the inherent

capability of obtaining an optimum flow transient by proper contouring of the

poppets.

2 Apollo Ball-Type Bipropellant Valve

There is no apparent reason this valve

would not function equally well with liquid or gel. This valve is pneumatically

operated so the gel has no actuation effect. With the inherent low AP of a

ball valve, any potential change in flow coefficient with the gel would be

insignificant. The only area of concern relates to cleaning. With the partic-

ular pressure-assisted ball seal design used, complete cleaning of the seal

cavities isquestionable.
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III, C, Task Ill--Component Design Analysis (cont.)

(c) Valve, Throttling Operation

Although there are several ways to throttle an

engine, for purposes of this study only two are considered:propellant
aeration and flow area control with a valve. Depending upon the required

throttling range and performance, the flow area control concept can be used

with or without momentumexchange.

The preferred valve for throttling control is

a poppet type. Contouring of the poppet permits attainment of desired charac-
teristics with the selected meansof actuation. Considering a typical valve

for this application, the use of gelled propellants should not present any

significant problems. It is probable that pintle contours would be different

for the gel than for the liquid; however, definition of this aspect requires

more gel flow data than are currently available.

There is a potential advantage using gels for

throttling operation because it is possible to operate in the laminar flow

regime. If operation were in this regime, then propellant tank pressure could

be lower for a given throttling range with the gels because of the direct

rather than exponential flow-pressure drop relationship. A tradeoff study

would be expected to verify that laminar operation is practical. Tank weight

savings would be evaluated against size and weight penalties imposedby

componentsand even lines large enough to keep flow laminar.

The use of a cavitating venturi valve for

throttling is also a possibility. Test data (Ref DIT) with water and gelled

propellant showa consistent correlation between the liquid and gel flow
rates.
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III, C, Task Ill--Component Design Analysis (cont.)

Consideration of propellant aeration (i.e.,

density change) as a means of throttling was limited to a concept using a

fluidic valve. A vortex valve could be a prime candidate for the throttling

application if some unknowns were defined. Normal operation of a vortex valve

has liquid flow controlled by tangential injection of a gas. The control gas

mixes with the liquid, and both are expelled through the valve outlet. Thus,

the liquid weight flow is decreased as control gas flow is increased until the

condition of only gas flow out of the valve is reached. During the throttling

range, the effluent from the valve is a gas-liquld mixture which would maintain

a high injection velocity through a fixed-area injector even at low liquid

weight flow rates.

Although the concept has some initial appeal,

selection of such an approach is doubtful. A throttling control for the gas

is required, a substantial gas supply must be carried, extended operation at

low thrust would mean excessive gas use, and the aerated propellant may create

some hydraulic and combustion stability problems. With respect to gels, the

last item may be significant. The gas-gel interaction and mixing may be very

different than that with gas-liquid. If larger pockets of gas were carried in

the gel stream, combustion stability problems would be aggravated.

d. Propellant Utilization

Use of gelled propellants might permit simplification of

propellant level sensing since the propellant will remain as a single mass at

a known location except for a thin film left on the walls after expulsion.

A propellant utilization system is composed of a

propellant-level sensing device, a propellant control device, and an electronic

network to convert the propellant sensing information into command signals for
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III, C, Task lll--Component Design Analysis (cont.)

the control device. Propellant level sensing could be accomplished by several

meanssuch as capacitance martix, nucleonic, and acoustic systems. For a

liquid, the acoustic approach as developed by Acoustica Associates Inc., would

be a preferred approach. With gelled propellants, simpler and less expensive

systems might be devised using capacitance or nucleonic approaches. The fact

that the gel will be a continuous massof known form would simplify determi-

nation of the remaining propellant. Approaches that would use thermistors or

hot wires might also be possible, although there are potential sensing time

lags resulting from adherence of the gel to the sensing element.

The control valve used for either gel or liquid would be

essentially the same--typically a butterfly valve operated over the linear

portion of the flow-versus-position curve could be used in the main oxidizer
feed line. In this instance, if the gel were flowing in the laminar regime,

control would be more sensitive for the gel than for a liquid. With a given

flow area change, the laminar gel flow rate would changemore than that of

the turbulent liquid flow rate.

e. Laminar Flow Injector

An area of special interest is gelled-propellant flow

control in laminar-flow injectors such as the HIPERTHINplatelet design.

The importance of laminar flow for gels is the characteristic of maintaining

the injector pressure drop during deep throttling as previously mentioned and

as discussed along with other advantages in Section III,C,3e.

Laminar flow, however, results in a muchstronger

dependenceof flow rate on temperature than encountered with turbulent flow.

The laminar flow rate is directly proportional to viscosity while turbulent

flow is affected only to the extent that viscosity (through Reynolds number)
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III, C, Task Ill--Component Design Analysis (cont.)

changes the friction factor which, in the extreme case of fully turbulent flow,

is no effect at all. Therefore, an active flow control system will be an

important factor in developing a practical propulsion system using laminar

flow injectors.

Because the major pressure drop and temperature variation

will both occur in the metering passages of the laminar flow injector, that is

clearly the best location to provide a compensating flow resistance; ideally,

right at the injector face.

Since no practical method of varying the flow resistance

at the injector face was apparent. Adjustments to the throttling valves,

already present in such a system, would provide the necessary flow compensation.

The relation between laminar injector pressure drop and

injector propellant temperatures is not known; various power-law relationships

are considered possible. Whether the linear relationship will be sufficiently

accurate is not presently known.

The following temperature sensors are presented for

information and consideration for this temperature sensing requirement. The

linear resistance thermometers considered are nickle, platinum, copper, tungsten

and iridium; for linear measurement nickel is favored because it has a large

temperature coefficient: 0.0067 ohms/ohms/°C. The semiconductor diode forward

voltage-current characteristics are non-linear and can provide various power-

law and exponential relationships depending on the manner in which it is used.

The thermistor resistance versus temperature characteristic gives an exponential

decrease for linear temperature increase; however, thermistors tend to be

unstable and are commonly sealed in glass to improve stability, but this tends

to increase the thermal time constant. A resistance thermometer bridge is
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III, C, Task Ill--Component Design Analysis (cont.)

naturally nonlinear and can be shifted in various ways by attaching taps with

parallel elements to the self-balancing slide wire or otherwise constructing a
non-linear slide wire.

The control on laminar injector temperature using only

linear sensors will be considered adequate. This control is based on linearly

approximating the temperature induced viscosity changes expected in the laminar

injector. The control assumesthe proportionality of the viscosity temperature

relationship is independent of flow rate.

The functioning of the control is described below with

reference to Figure 56. The thrust level commandis preset thereby positioning

RI and R2 at the precalibrated desired thrust level; this setting established
partially open positions for valves VF and Vo. The firing is initiated by

opening start valves VSFand VSO. After transient start, steady-state combus-
tion is established in the combustion chamber. After a period of time heat

soakback from the combustion process warms the laminar injector causing

resistors R7 and R8 to increase in value. Also, the propellants are warmed,
decreasing their viscosity and the pressure drop across the laminar injector;

the combustion chamberpressure is increased. Correction occurs as follows:

The increased resistances R7 and R8 cause the thrust level commandsignals to
be decreased. The decreased thrust level commandsignals combine with the

valve position signals from R3 and R4 to generate error signals. The error
signals operate amplifiers AI and A2 and actuator, MI and M2 to slightly close

the valves Vf and Vo. Slight closure of these valves absorbs pressure drop
across the valves thereby restoring the combustion chamberpressure to its

desired value. This control process occurs almost instantaneously and

continuously to control the combustion chamberpressure in spite of heat soak-

back into the injector and propellant viscosity changes.
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III, C, Task Ill--Component Design Analysis (cont.)

f. Other Characteristics

Some of the flow control characteristics related to gelled

propellants were identified in other portions of this study and are summarized

below.

Switching from a neat (nongelled) propellant combination

to the same propellants in a gelled form raised the design flowrates only to

the extent that additional flow is required to compensate for the slightly

lower specific impulse. This assumes that original design thrust must be

maintained. The same flow rate may be used if a lower design thrust can be

tolerated. These thrust and flow rate changes are small; usually on the order

of 0.5 to 3.0%.

Based on the hydraulic transient analysis in Phase II,

gelling the propellants did not cause significant changes in response times

(slight increase with gels) so no change in pulse width would be expected. It

is possible that different gel evaporation characteristics might change the

net shut-down impulse under altitude conditions, but no data was found for

those conditions.

Mixture ratio and specific impulse repeatability should

be as good with gels as with neat propellants after the gelled propellants are

qualified and when proper gel quality control is exercised. One possible

exception would be when using a laminar-flow platelet injector because of the

increased dependence of flow pressure drop on temperature. The repeatability

in such a system would depend on the accuracy of a control device such as

discussed in the previous section.
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g. Summary

The use of MMHand OF2 as gelled propellants poses no
peculiar problems with respect to controls. From a system operation stand-

point, the potential problems identified would exist with neat propellants.

The difference lies primarily in a comparative magnitude of the problem. For
items such as bleed-in and cleaning, the gel will be more difficult to

accommodatethan the neat propellant. For heat-transfer-affected areas, a

relative degree of difficulty cannot be assessed at present. There is some

evidence that the magnitude of the problem will be less with gels.

With respect to specific controls, no unique or special

hardware would be required for gel use. The use of gelled propellants as a

valve actuation mediumis not advised because timing, repeatability, dumping,

and cleaning difficulties would be greater. All other conventional meansfor
valve actuation would be acceptable for gel use.

Sufficient data are available to guide system design with

respect to flow losses in tubes. Data on restrictions is limited. Orifice

test data with one gel provides a guideline to the extent that the orifice

discharge coefficient with cavitating gel flow was between the discharge
coefficients for the sameorifice when flowing water cavitating and noncav-

itating. This relationship held true for a series of orifice configurations.

The effects of viscosity, orifice diameter, and ratio of orifice diameter to

line diameter on the discharge coefficient are not known. The area of pressure

drop through restrictions needs further investigation before accurate system

tradeoff and design studies could be undertaken with confidence.

At present, there are no control factors to discourage

the use of gelled propellants. Potential advantages that maybe confirmed by

further work lie primarily in the areas of reduced leakage problems, simplified

propellant level sensing, and lower throttling system pressures.
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III, C, Task Ill--Component Design Analysis (cont.)

3. Injector Design and Throttling

a. Introduction

Injector designs have been completed for use with both

neat and gelled OF2/MMH for the following missions:

Nominal Throttle Duration, Restart

Mission Thrust_ ib Range sec Required

Lunar Ascent 4,000 None 418 Yes

Lunar Descent 13,000 ii.0:i 450 Yes

Space Probe i 8,000 None 544 Yes

Space Probe 2 2,670 _ 330 +_12.3% 544 Yes

Conventional injector designs (triplets) were selected

for this study because some test data were available for a comparison

between neat and gelled propellants, but a discussion of more advanced injec-

tion concepts is also included. A comparison was also made between present

injectors and the advanced concepts which are more suitable for gelled

propellant operation.

The conventional injector designs for all missions,

except the lunar descent engine, are very similar. A major change in design

concept was required for the lunar descent engine because of the requirement

for continuous throttling to ii:i.

Since most of the major design considerations (except

deep throttling) pertain to all missions, the discussion will be presented

in the following manner:
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III, C, Task lll--Component Design Analysis (cont.)

(1) General observations and con_nents which pertain to

the selected designs,

(2) Items pertaining to the conventional triplet

element concept include all missions except the lunar descent,

(3) Items pertaining to the momentum exchange concept

refer specifically to the lunar descent mission, and

(4) A discussion of advanced injector concepts.

b. General discussion

Compatibility between materials of fabrication for the

injector and the thrust chamber will not be affected by gelling the propel-

lants. The injector materials are not affected because the gelling agent

is either inert (LiF) or of a chemical nature which is similar to the propel-

lant being gelled (CIF 5 or Colloid 8010). The thrust chamber materials are

not affected because, even if the particulate gelling agent should remain in

the solid phase during combustion and expansion, its concentration in the

reactants is usually low (less than 3 wt%). Also, it is usually a nonreact-

ing material, when it remains a solid, so that its temperature is equivalent

to, or lower than, that of rest of the combustion products. Both of these

factors contrast with the combustion of a metallized propellant combination

where the weight concentration of the metal typically represents 14 to 20%

of the reactants and the metal reaction (7000 ° to 8000°R) is the main source

of heat to the thrust chamber and injector due to direct impingement and

high radiant heat transfer.

A film-cooled ablative chamber was selected over a

regeneratively cooled design for the missions investigated, because of

probable minimum impulse requirements and gel cooling unknowns. There has

been no appreciable work to determine the value of gelled propellants as a
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III, C, Task Ill--Component Design Analysis (cont.)

coolant in chambers and injectors. Since the effect of the thin-film, gelled-

fuel residue on heat transfer is also unknown, it was not possible to predict

the heat transfer during succeeding firings. If the cleaning of baked-on

gel residue should prove to be a problem, the inaccessibility of the interiors

of regenerative cooling lines could not be tolerated.

The selection of injector designs has been based on the

assumption that any residue encountered in injector passages or orifices will

not interfere with restarts. The MMH uses an organic gelling agent which is

expected to leave a hard, thin film residue. Tests with similar fuels and

gelling agents have demonstrated that three or four restarts are possible

without any detectable change in the flow characteristics of the injector.

Presumably, after many* restarts, the thickness of the films would accumulate

and cause a gradual increase in flow resistance.

Submicron particles of LiF were originally selected as

the gelling agent for the OF2; however, recent data for similar particulate

gelling agents have indicated that injector orifices may be clogged by the

initial flow residue if restarts are attempted. Therefore, the particulate

gelling agent for OF 2 will be assumed to be frozen particles of an energetic

oxidizer, CIF 5. Such a selection eliminates any residue problem with

particulate gelling agent because it melts and vaporizes in the injector

passages following a firing. It also has the advantage of contributing to

thrust chamber performance. As a result of changing the oxidizer gelling

agent, it was possible to design the injectors with the assumption that gel

residue would not adversely affect restart operation.

The OF 2 gelled with 9.16 wt% frozen particles of

CIF 5 was designated GOF2-E2 in sequence with OF 2 gelled with 3.4 wt% LiF,

which is GOF2-EI. It was assumed that the other physical properties of

GOF2-E2 are essentially equivalent to those of GOF2-EI.

*The value of "many" is unknown but appears to be well in excess of ten.
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III, C, Task Ill--Component Design Analysis (cont.)

With the use of the OF2/CIF5 gelled oxidizer, cleaning
of the oxidizer circuit will not be a problem. For development testing, the

MMH/Colloid 8010gelled fuel circuit should be immediately water-purged at

the end of each firing to minimize gel residue buildup. Occasional purges

with hot detergent water maybe required if residue buildup becomesapparent

from flow data or inspection of the injector. Until the rate of residue
formation is determined, developmental injectors should be designed so that

all internal flow passages and orifices can be reached physically for cleaning.

It is believed that flight requirements will not have

a sufficient numberof restarts to cause the gelled fuel residue to be a

problem. Therefore, it is expected that the requirement for access to the

interior of the injector for cleaning may be eliminated for flight injectors

and possibly for later developmental injectors. Gooddesign practices of
proper contour, rounded entrances, and elimination of sharp corners or

fluid seals which could cause propellant entrapment should be helpful in

avoiding fuel circuit cleaning problems.

Leak sealing, hardware preparation, and leak detection

are not expected to be significantly changedby gelling the propellants. If

gelling changes leak sealing, it is likely to improve it for the fuel.

In general, the orifice sizes for injectors using

gelled propellants were selected to provide a greater pressure drop across
the orifice and a higher injection velocity than for neat propellants. This

was done to gain equivalent or better atomization of the gelled stream.
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III, C, Task lll--Component Design Analysis (cont.)

c. Conventional Triplet Element Injectors

A pressure drop of 60 psi for neat propellants and 100

psi for gelled propellants was selected to ensure adequate propellant atom-

ization for the injector orifices for lunar ascent, Probe i (fixed thrust),

and Probe 2 (shallow throttling). In each design the discharge coefficient

for gelled propellants was 85% of the value used for neat propellants.

The conventional triplet injectors incorporate imping-

ing triplet elements with two fuel streams impinging on a center oxidizer

stream. The oxidizer enters the injector through a centrally located mani-

fold and flows across the back side of the injector. The oxidizer element is

located axially in the injector. The fuel enters through two manifolds

spaced 180 degrees apart and located near the outer periphery of the injector.

The fuel is fed from a circumferential annulus through gun-drilled feed

passages which are oriented perpendicular to the axis. The close proximity

of the fuel passages to the injector face should provide good cooling effect.

Approximately 10% of the fuel is injected adjacent to the chamber wall for

film cooling. Figure 57 shows the basic injector design. The general con-

figuration is similar for Space Probes i and 2, and lunar ascent injectors.

The injectors differ mainly in diameter, face pattern and number of elements

required.

As mentioned in the general discussion, the injector

can be built for disassembly during developmental testing and as a permanently

assembled part for flight units.

Because of the cooling effect of the close proximity of

the neat-fuel supply passages to the injector face, the injector body can be

fabricated from nickel or aluminum for the neat propellants. The manifolds,

Page i01

I



III, C, Task lll--Component Design Analysis (cont.)

flanges, valves and other associated hardware can be fabricated from aluminum

or stainless steel.

The cooling properties of gelled propellants are not

known, particularly for restarts when several thicknesses of the thin-filmed,

gelled-fuel residue have been baked onto the wall of the flow passage. It

has been assumed that the heat-transfer capability of the gelled MMH is

adequate for injector cooling and thrust-chamber film cooling until test data

become available. It is suspected, however, that the higher viscosity of the

gel will reduce turbulence and, therefore, the heat-transfer coefficient for

injector cooling.

Design data for each of the conventional triplet injec-

tor designs are presented in Table 14.

d. Momentum Exchange Throttling

The requirement to throttle the lunar descent engine at

ii:i is difficult to accomplish by the use of variable orifice valves. After

considering the advantages and disadvantages of various concepts of deep

throttling, including HIPERTHIN platelet injectors*, coaxial pintle injectors,

inert gas injection, main-line injection, and momentum exchange injectors,

the momentum exchange concept was chosen for its suitability and its adapt-

ability to the triplet configuration. These throttling concepts are discussed

below.

The HIPERTHIN concept is considered to be the best deep

throttling injector concept for gelled propellants that was considered; but

because of a lack of test data, particularly for gels, it is discussed in the

next section on advanced concepts and was not selected for the more detailed

*Aerojet-General Corporation proprietary concept; patent applied for.
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III, C, Task Ill--Component Design Analysis (cont.)

comparisons. The movable injector pintle concepts were rejected because of

sealing complexity with the reactive oxidizer. The main-line injection

technique was also eliminated on the basis of the high reactivity of the

oxidizer. Inert gas injection was eliminated on the basis of the system

weight penalty associated with carrying a large amount of stored gas at high

pressure, particularly when the amount of throttled operation was not well

defined.

The selected design, momentum exchange, utilizes imping-

ing triplet elements (fuel-oxidizer-fuel) which maintain a relatively high

velocity for the reduced propellant flow at the throttled condition. Each of

the fuel and oxidizer elements incorporates both a primary and secondary flow

passage. The primary flow passage is designed so that at the ii:i throttled

condition, approximately 6% of the total, full-thrust flow is delivered by the

primary passage. The primary orifice size is selected to maintain a high

velocity. Because the inlet pressure in the primary is not reduced by a throt-

tling valve, its velocity actually increases as the thrust is throttled (Pc

decreases). The secondary flow rate is controlled by variable orifice valves

and is reduced during throttling. The primary and secondary flow streams

converge within the element and are injected through a con_non orifice. The

resultant injection velocity is maintained at an acceptable level by the

momentum exchange between the high-velocity primary flow and that in the

secondary flow passage.

Figures 58 and 59 present resultant velocity versus

thrust for neat OF2/MMH and gelled OF2/MMH , respectively. For the neat pro-

pellants, the minimum velocity of OF 2 is 34.2 ft/sec at 3000 ibf, whereas

the minimum velocity of MMH is 44.9 ft/sec at 3000 ifb.

For the gelled propellant, the minimum velocity of

GOF2-E2 (or GOF2-EI ) is 33 ft/sec at 3000 ibf, whereas the minimum velocity

Page 103

I



III, C, Task Ill--Component Design Analysis (cont.)

of GMMH-SI is 43.7 ft/sec at 3000 ibf. Momentum mixing was assumed to aid in

gel atomization; should this not prove to be true, then the gel inlet (and

propellant tank) pressures should be increased by up to I00 psi if a signifi-

cant portion of the mission is run at 3000 ibf. If most of the propellant is

used at the maximum and minimum thrust levels (13,000 and 1182 ibf), then no

change should be required because these gel injection velocities are consis-

tent with those chosen for the fixed thrust injectors.

The deep throttling requirement for the lunar descent

engine, utilizing the momentum exchange concept, requires higher tank pres-

sures and higher initial pressure drops to ensure adequate velocity at the

lower thrust levels.

Initially, injectors utilizing 130- and 92-triplet-type

momentum exchange elements were evaluated for this engine design. Both of

these patterns proved undesirable because (i) the resultant small orifice

size of the primary flow passages would increase the possibility of orifice

plugging, and (2) physical space limitations precluded the use of large

numbers of elements. The design finally chosen and presented as Figure 20

utilizes 72-triplet-type momentum exchange elements. To eliminate interfer-

ence problems for the hardware, the elements are staggered in successive rows

rather than spaced in a grid pattern. It is recognized that orientation of

some of the outer elements may not be optimum from the standpoint of compati-

bility with the chamber wall; however, the degree of compatibility can only

be determined from actual testing of hardware of similar configuration, and

such data are not available. If the element orientation is determined to be

less than adequate, the following several methods can be utilized to improve

chamber injector compatibility:

(i) Fuel elements can be arranged to direct the

oxidizer toward the center of the injector in critical areas.
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III, C, Task Ill--Component Design Analysis (cont.)

(2) Film-coolant fuel orifices can be placed in

selected locations adjacent to the chamber wall.

(3) Orifices of selected elements, adjacent to the

chamber wall, can be drilled at an angle to direct propellant flow toward the

center of the chamber.

Since each fuel and oxidizer element contains both pri-

mary and secondary flow passages, fabrication is more complex than for conven-

tional triplet-type injectors. Both the primary and secondary propellant feed

passages for fuel and oxidizer were blind passages gun-drilled into the

injector body perpendicular to the chamber axis. The drilled passages are

fed from separate annular manifolds extending nearly 180 degrees around the

outer portion of the injector body. Figure 60 shows that the inlet manifolds

for the oxidizer and fuel are located 180 degrees apart on the injector.

Because the feed passages do not extend entirely through the injector body and

the annular manifolds extend less than 180 degrees around each side of the

injector, the fuel and oxidizer are prevented from mixing within the injector

body.

Oxidizer elements are oriented axially and fuel elements

are oriented approximately 30 degrees to the oxidizer elements. In each case,

the elements are located perpendicular to the feed passages. The body of the

primary element extends through the secondary feed passage, forcing the

secondary propellant to flow around the body of the primary.

Again, if gelled-fuel residue is a cleaning problem with

respect to restart or extended reuse capability, the workhorse injector can

incorporate a disassembly feature to facilitate mechanical hardware cleaning.
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III, C, Task Ill--Component Design Analysis (cont.)

The depicted concept shows that the body of the primary element is threaded

into the injector for easy removal. The plug, to prevent leakage of primary

propellant to atmosphere, is also threaded. In addition, the injector flange

is removable to afford easy access to drilled passages and annular manifolds.

For flight-type hardware these items could be brazed in place.

Since the propellant feed passages for the momentum

exchange concept are not located immediately adjacent to the injector face,

as with conventional triplet element injectors, the face cooling capability

of the propellant is not as effective. Preliminary calculations for neat

OF2/MMH indicate that the injector body must be fabricated from nickel, if no

additional cooling provisions are incorporated in the design. In that case,

injector face temperatures would be expected to approach 2000°F. If the

injector were fabricated from an aluminum alloy with no additional cooling

capabilities, melting would be expected.

If necessary, injector face temperatures can probably

be reduced by incorporating cooling passages immediately adjacent to the

face; however, present information is not adequate to accurately determine

the ability of gelled propellants to perform this task. The effect of nuc-

leate boiling on heat-transfer capability and the potential effect of residue

from gelled propellant at shutdown could limit restart capability. Injector

bodies could eventually be fabricated from aluminum alloy if regenerative

cooling proves feasible. Development of a reflective or high melting point

coating would reduce face temperatures for either material.

e. Advanced Injector Concepts

On the basis of performance predictions made during this

study, it became evident that some injector concepts which have not been fired
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III, C, Task lll--Component DeslgnAnalysls (cont.)

with nonmetalized, gelled propellants may offer both improved performance and •

reduced size and weight of the thrust chamber. These performance predictions

are described in the next section of this report.

The conventional injector designs described in preceding

sections were analyzed. At a chamber pressure of i00 psia, the delivered

(predicted) specific impulse for the neat and gelled propellants ranged from

327.5 to 359.1 sec for thrust levels of 2670 to 13,000 ibf. To predict a

minimum performance loss for neat and gelled propellants, an L* of 40 in.

was required for the neat propellants and an L* of 80 in. for the gels.

With a comprehensive development program, it is believed that the conven-

tional injectors could achieve the same performance with reduced L*s of 20

and 50 in. for the neat and gelled propellants.

This increase in L* for the gelled propellants is pre-

dicted due to the fact that gels flowing from an orifice will result in larger

droplets which will be more difficult to vaporize than are neat propellants.

Thus, an increased chamber stay-time is required for the gels to obtain the

same percentage of theoretical performance as is predicted for the neat

propellants.

From a system viewpoint, L*s of 50 to 80 in. for the

gelled propellants are undesirable because of increased size, gimbaled moment

of inertia and weight, and the larger arc in which the injector end of the

chamber would swing in when gimbaled at or somewhat above the throat.

The length of the chamber is particularly severe for the

lower thrust engines as shown by the upper sketch in Figure 61. This is

because the axial chamber length remains essentially the same as the thrust

(throat area) is increased (contraction ratio, L* and P constant).
c

Page 107

I



III, C, Task lll--Component Design Analysis (cont.)

The HIPERTHIN platelet injector should solve the L*

problem, give better performance, and have an inherent deep throttling capa-

bility. The propellants are mechanically mixed by coming out of the injector

in alternating sheets. These sheets are only a few thousandths of an inch

thick, so a high injection velocity is not required. The low injection velo-

city also increases propellant mixing by providing a high differential velo-

city between that of the liquid and the reaction products. Also, the low

velocity and many shallow passages in the platelet assembly result in

entirely laminar flow, which allows deep throttling without the loss of

injector pressure drop that accompanies the throttling of neat-propellant

turbulent flow.

For example, while throttling neat propellant an order

of magnitude (i0:i) in a conventional injector, turbulent flow would reduce a

100-psi pressure drop to only i psi (i00:i); the same flow reduction for

laminar-flow gelled propellant would only reduce the lO0-psi injector drop

to somewhere between i0 and 40 psi. The 10-psi throttled pressure drop

represents the lower limit of a constant viscosity laminar flow, whereas

the 40-psi drop is a gel which increases rapidly in viscosity as its flow

velocity is decreased.

L*s of only i0 and 15 in. should be sufficient to obtain

good performance because of the excellent mixing characteristics of the plate-

let injectors (Figure 61).

Because the thin platelets and flow passages make a good

heat exchanger, some development may be required to prevent the OF 2 from

freezing the _fl_. It may be possible to etch gaps in some areas between the

platelets to reduce direct contact heat transfer, if it proves to be a problem.
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III, C, Task lll--Component Design Analysis (cont.)

A further reduction in main thrust chamber size can be

obtained while improving performance by going to a gas-gas combustion cycle.

The size of the thrust chamber is the same for both neat and gelled propel-

lants since the materials enter as gases although the gas generators for the

gelled propellants will probably require longer stay-times than those for neat

propellants. Either conventional or platelet injectors could be used for the

gas generators and the main thrust chamber. Simple head end gimbaling could

be used by developing hot-gas bellows universal joints for the gas generator

products.

Good performance for a developed gas-gas cycle should

be attainable with a main thrust chamber L* of 8 in. for both the neat and

gelled propellants (Figure 61).

The oxidizer-rich combustion characteristics of OF2/MMH

have not been investigated. Material compatibility, therefore, cannot be

effectively evaluated at this time, but it may be a potential problem.
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III, C, Task Ill--Component Design Analysis (cont.)

4. Performance

a. Description of Analytical Performance Model

(i) Objective

The objective of the performance analysis is to

determine and compare the delivered performance of neat and gelled OF2/MMH

propellants when employed in four different engine configurations, two of

which are throttleable. Current state-of-the-art injectors of the conventional

orifice and momentum exchange element types operating on a liquid-liquid cycle

are compared to future advanced injector types such as HIPERTHIN platelet

injectors or gas-gas cycle combustors. The performance predictions made for

these two cases are considered to be reasonable estimates of the performance

range achievable by the different engine configurations.

(2) Description of Analysis Method

In order to satisfy the program objective, it will

be necessary to identify the source and magnitude of different performance

losses and to predict delivered specific impulse from conceptual designs.

The "Interaction Theory" method of performance analysis will accomplish both

tasks with a minimum of error. This method differs from the classical approach

in that the quantitative effects on specific impulse are considered of the

injector and chamber design parameters, of the interaction between the com-

bustion process and the nozzle expansion process, and of the interaction

between the performance losses themselves. Consideration of injector/chamber

design parameters permits the separation of the "combustion efficiency" into

its macroscopic and microscopic components. Mixture ratio distribution per-

formance loss is a measure of the effect on performance of local composition
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III, C, Task lll--Component Design Analysis (cont.)

gradients which are on a scale greater than the typical lateral dimension of

turbulence. Energy release performance loss, on the other hand, is a measure

of the effect of the vaporization, diffusion, and/or the reaction processes.

By separating the combustion performance loss in this manner, the effect of

incomplete combustion on the nozzle expansion process can be determined.

It has been found that a reduced energy release level in the combustion

chamber will interact with the expansion process and result in a lower nozzle

expansion efficiency. A complete description of the Interaction Theory

method of analysis and prediction of liquid rocket engine performance is

contained in Ref 4.

The following performance losses are considered

important in describing the performance of liquid rocket engines in the

present program:

(i) Nozzle Friction Loss

(2) Nozzle Geometry Loss

(3) Nozzle Heat Loss

(4) Chamber Heat Loss

(5) Chamber Friction Loss

(6) Mixture Ratio Distribution

(7) Kinetic (Recombination) Loss

(8) Energy Release Loss

(9) Coolant Performance Loss

All but the first three losses have both a chamber

and a nozzle component, whose interdependence is considered by the Interaction

Theory method of performance analysis. The above losses which apply to any

specific engine design are evaluated, summed, and subtracted from theoretical

Page iii

I



III, C, Task Ill--Component Design Analysis (cont.)

shifting equilibrium specific impulse to get the predicted performance. A

brief description of the performance losses and of their methods of calcula-

tion is discussed below in the performance model application section.

(3) Verification of Analytical Performance Model

The Interaction Theory method has been successfully

applied to the performance prediction of many Aerojet engines, and has also

been the key to the isolation of sources of poor performance, so that proper

design modifications could be made. The Interaction Theory method has con-

sistently predicted performance under any operating conditions to within 2%

without any test data at all, and has consistently permitted performance

extrapolation of test data from sea level to altitude conditions with less

than 0.5% error for actual engine systems. Some of these applications are

noted below:

(i) Isolation and quantitative determination of

performance losses for both N204/AeroZINE 50 and CIF3/MHF-3 propellant tests

with cooled and uncooled chambers in the Phase I tests of the transpiration-

cooled chambers program, Contract AF 04(611)-10922.

(2) Verification of the recommended design changes

to improve the mixture ratio distribution and/or energy release losses in the

Transtage, Apollo, and Titan-Gemini 624A programs.

(3) Analytical verification of the observed effect

of propellant temperature on I for the Gemini-MOL program from the energy
s

release portion of the Interaction Theory performance model.
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III, C, Task lll--Component Design Analysis (cont.)

b. Application of Analytical Performance Model

(i) Theoretical Performance

Figures 62 and 63 present the vacuum shifting

equilibrium theoretical performance of the neat and gelled OF2/MMH propellants

for an area ratio of 40:1. The former gives theoretical performance as a

function of mixture ratio at a chamber pressure of i00 psia, while the latter

gives theoretical performance as a function of chamber pressure for the

particular mixture ratios which result in maximum delivered performance

at nominal thrust.

It should be pointed out that the theoretical

performance values shown in Figures 63 are picked from Figure 62 at mixture

ratios which are lower than the theoretical peak. This is because the

analysis for predicted performance has shown that the maximum delivered

performance will occur at the lower mixture ratios selected in Figure 63.

(2) Performance Loss Discussion

In the following paragraphs, the different per-

formance losses and their methods of calculation are described. Their

application to the current study is pointed out where necessary.

(a) Nozzle and Chamber Friction Loss (FRIC)

Nozzle and chamber friction performance loss

results from the viscous effects between the gaseous boundary layer and the

nozzle or chamber wall. The nozzle and chamber friction performance losses

are calculated by a computer program that uses Cole's method to obtain an
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expression for average skin friction. Dividing the resulting drag by the

propellant weight flow yields the performance loss in seconds of specific

impulse. The friction performance loss is given in percent of theoretical

specific impulse in Tables 15, 16, and 17.

(b) Nozzle Geometry Loss (GEOM)

Nozzle geometry loss may be attributed to the

loss in thrust due to the discharge coefficient of the throat and the loss

in thrust resulting from nonaxial exit momentum. The loss is calculated by

a computer program which uses the method of characteristics and has options

for shifting equilibrium., frozen equilibrium, or constant specific heat

ratio flow conditions. The shifting equilibrium option was utilized in the

present analysis. The geometry losses for all of the configurations

considered were based on minimum length Rao (bell) nozzles at an area ratio

Ae/A t of 40:1. The geometry losses were determined to be a constant 1.33%

of theoretical specific impulse for these configurations.

(c) Nozzle and Chamber Heat Loss (HEAT)

Heat loss from the chamber and/or nozzle will

result in lower engine performance because less energy will be available for

accelerating the combustion products. Although the heat loss from ablative

chambers and radiation-cooled nozzles of the type considered will have only

a minor effect on performance, nevertheless an estimate of the performance

penalty incurred through heat losses was made for each configuration, which

was based upon the effects of heat loss upon Transtage performance as given

in Ref. 15.

Page 114

.I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



!

I

I

I
I

I
I

I
I

I

I
I

I
I

I
I

I

I

I II, C, Task Ill--Component Design Analysis (cont.)

(d) Mixture Ratio Distribution and Coolant

Performance Losses (MRD)

Irregular mixture ratio distribution arises

from two potential sources, namely, improper sizing of the injector circuits

for the injection elements, and cooling the chamber wall with a propellant

film, in this case the fuel. A stream tube analysis is made to determine the

effect of irregular mixture ratio distribution on performance.

The input information required to apply the

stream tube model is (i) the mass and mixture ratio distribution across the

injector face, (2) the resultant momentum and direction of effluent from each

element, and (3) the theoretical I at the desired operating condition over a
s

suitable O/F range. This information can be readily determined for a given

injector/chamber design so that appropriate stream tubes can be selected.

The performance of the system is then determined by a mass-weighted average

of the performance of each individual stream tube. A complete description of

the model and its application is contained in Ref 4.

In the present analysis, the assumption is

made that the hydraulic circuits are properly sized for each injector, so

that the only mixture ratio distribution performance loss arises from the

film cooling employed at the chamber wall. The mixture ratio distribution

performance loss attributed to the coolant and the performance loss coming

from the heat transfer between coolant and mainstream propellants are conTnonly

combined and termed the "coolant performance loss." In this analysis, the

heat transfer effects were considered negligible and the effect of the film

coolant on performance was placed in the mixture ratio distribution loss

column of Tables 15, 16, and 17.
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III, C, Task Ill--Component Design Analysis (cont.)

(e) Kinetic Loss (KIN)

Chemical kinetic (recombination) performance

losses result from the incomplete recombination of the dissociated chemical

species. This recombination lag is a function of the propellant combination,

chamberpressure, mixture ratio, thrust level as reflected in nozzle size,

nozzle curvature, and area ratio. Since kinetic losses are a function of

mixture ratio, they will also be affected by the mixture ratio distribution
in the thrust chamber. Thus, kinetic losses must be determined for each

stream tube of different mixture ratio and must be combined in the ratio of

their respective weight flows to the total weight flow, in order to get the
total kinetic loss.

The kinetic performance losses listed in

Tables 15, 16, and 17 were determined by applying the Kushida's "sudden
freezing" technique, for which the reaction rate constants for the H+Hand

the H+Freactions were taken from Ref 16. Inherent in this analysis is the

assumption that the values of these reaction rate constants for the F2/H2
propellants of Ref 16 are unchanged for the OF2/MMHpropellants considered
herein. If this should not be true, the kinetic performance losses listed

in Tables 15, 16, and 17 would be conservative, perhaps by as muchas 30%.

(f) Energy Release Loss (ERL)

The energy release performance loss is that

loss attributable to the fact that 100%combustion efficiency is not attained
within the combustion chamber.
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III, C, Task lll--Component Design Analysis (cont.)

The performance loss that results from

reduction of the available total combustion/enthalpy is usually evaluated

from an unreacted propellant model based on liquid propellant vaporization

characteristics as described by Priem in Ref 17. However, since the vaporiza-

tion characteristics of gelled propellants are very difficult to determine

short of actual testing, the energy release loss was estimated for both neat

and gelled propellant cases on the basis of available test data for fluoride

oxidizers with hydrazine fuels. This estimation also accounts for the effects

of chamber characteristic length (L*) and a reasonable injector development

program for both current and advanced concepts. The energy release loss

estimates are given in Tables 15, 16, and 17 for current and future attainable

values.

c. Analysis of Delivered (Predicted) Performance

Tables 15, 16, and 17 present the theoretical performance,

a performance loss summary, and the delivered (predicted) performance for the

four present thrust chamber configurations selected, for the neat propellants

and for the LiF and CIF 5 gelled propellants, respectively. The performance

of the neat propellants was analyzed for a chamber L* of 40 in., whereas the

performance of the gelled propellants was analyzed for a chamber L_ of 80 in.

This was done to make the gels competitive with the neat propellants, because

preliminary estimates of energy release loss for both showed that for a given

L_ the gel ERL was at least twice as high as for the neat, and was also more

sensitive to changes in L*.

Tables 15, 16, and 17 show that the kinetic losses increase

slightly with mixture ratio over the range considered, but increase greatly

with decreasing chamber pressure as the thrust chambersare throttled. This

large increase in kinetic loss is chiefly responsible for the poor performance
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III, C, Task Ill--Component Design Analysis (cont.)

at the deeper throttled conditions. Tables 15, 16, and 17 also show the

prospective performance gains to be made by reducing the energy release loss

from the values attainable by current conventional injector concepts to the

much lower values estimated to be attainable by future injection techniques.

These techniques include use of the HIPERTHIN injector, switching to a gas-gas

cycle instead of liquid-liquid, and swirling or aerating the gelled propellant

to increase droplet vaporization. Energy release loss is also sensitive to

changes in chamber pressure, although not as much as is kinetic loss. This

comes about as a result of poorer propellant vaporization and mixing at the

lower chamber pressures, and taken together with the large kinetic losses,

results in severe performance penalties for deep throttling.

Figures 64 and 65 show the variation in delivered

(predicted) performance with chamber pressure of the throttlable 13,000-1bf-

thrust lunar-descent and the 2670-1bf-thrust space-probe thrust chambers,

respectively. The figures show that the performance of these configurations

is better for the CIF 5 gel than for the LiF gel across the whole throttling

range. This is dispite the larger amount of gelling agent used in the former

than in the latter (9.16 wt% vs 3.4 wt%). The larger amount of gelling

agent was selected to demonstrate that performance losses would be small even

when three times the expected gelling agent was used. This was done because

little work has been done with in situ gelling and frozen particles. If

stable, frozen particles of CIF 5 can be made in a submicron size equivalent

to Santocel Z (SiO 2 particles); then the concentration of CIF 5 can be reduced

to about 3 wt%. The predicted performance of the CIF 5 gel will then approach

that of the neat system very closely (about one-third the present loss).

Figure 64 also shows the rapid performance decay for

deep throttling that was mentioned above. The magnitude of this performance

decay is about the same for both neat and gelled propellants for both current

and future injection concepts, so long as throttling is accomplished by

decreasing chamber pressure.
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III, Technical Discussion (cont.)

D. TASK IV - SYSTEM DESIGN ANALYSIS

i. Space Probe Mission

The Space Probe mission was defined by the following

characteristics:

Total AV, 7500 ft/sec,

Maximum Single AV, 7200 ft/sec,

Multiplicity of restarts,

Expulsion and propellant control,

Propellant weight, 13,000 ib,

Propellants are stored in four (4) spherical tanks (two (2)

oxidizer, two (2) fuel) and

Be in space environment for no less than 15 months.

In performing this comparative, preliminary-design analysis between

neat and gelled OF2/MMH , it was assumed that short engine firings would be

made both before and after a main firing corresponding to an ideal velocity

increment of up to 7200 ft/sec. These firings would correspond to mid-course

corrections, main retropropulsion, and orbit adjustment maneuvers for an

orbiter mission to another planet. It was also assumed that during the coast

phases of the mission the probe would be in fixed orientation with respect to

the sun and that any accelerations during coast would be less than 0.i0 g.

2. System Descriptions

a. Schematics

The space probe propulsion system is a regulated helium,

pressure-fed, restartable system. A schematic of the system is shown in
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III, D, Task IV - System Design Analysis (cont.)

Figure 66. High-pressure helium is expanded isothermally at the storage

temperature of the OF 2 (-230°F) and fed to each propellant tank at the storage

temperature of the propellant. Small component redundancy is not shown as it

is common to both the neat and gelled systems and does not enter into the

neat-gel comparison.

In addition to the single engine design Figure 66, three

and four engine configurations were considered. The chief advantage to the

single, 8000-1b fixed-thrust, gimbaled engine is higher delivered specific

impulse than available from similar smaller chambers. The single larger engine

is also lighter than multiple engines which provide the same total thrust.

However, it may be too large to provide sufficiently accurate mid-course and

orbital-adjustment velocity increments.

The use of three throttlable thrust chambers, 2670 +

300 ib (_ 12.3%), allows thrust vector control without gimbaling the chambers.

Other advantages are shorter system length and possibly lower total thrust to

improve accuracy in the mid-course and orbit adjust maneuvers (all three

engines throttled). The three engine propulsion system schematic is shown

in Figure 67. The pressurization system is the same as shown previously.

A four engine configuration was considered briefly. Its

application would be limited to missions in which reliability would be the

dominant factor. One pair of gimbaled, fixed-thrust chambers would be fired

early in the mission to provide the mid-course corrections (4400-ib total

thrust). After up to 15 months space storage, all four engines (8800-ib total

thrust) would be fired to insert the vehicle into the planetary orbit. During

the following few weeks or months, either pair of the engines could be used

to provide orbit adjustments. The high reliability for this system comes from

the ability to complete the orbit insertion maneuver on one pair of engines.
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III, D, Task IV - System Design Analysis (cont.)

In the event of an engine malfunction, the malfunctioning engine and the one

opposite would be shut down while the remaining engine pair would continue

to fire to impart the required velocity increment to the spacecraft. The four

engine approach improves the reliability of one engine pair by not exposing

it to propellants until its use for the orbit insertion. Up to 15 months

exposure to propellant residues might reduce the reliability of the engine

pair used for the mid-course corrections which occur early in the mission.

The four engine propulsion system is shown schematically in Figure 68. It

the same pressurization system described previously.

b. Packaging

Packaging of the one and three engine designs was

considered. The basic configuration for the tankage and pressurization system

was identical for both engine designs. Two oxidizer spheres and two high-

pressure helium psheres were placed as opposing pairs in the same plane above

the engine injector plane. A pair of spherical fuel tanks were nested above

the helium vessels as shown in Figure 69. An open support structure of four

and four longitudinal box stringers was selected so that the oxidizer

and helium storage vessels could radiate heat to space as required to maintain

their -230°F storage temperature. Similarly, the fuel tanks are located toward

the payload compartment which would be maintained at about the same temperature

as the fuel (+70°F). It was assumed that a double-walled, aluminum radiation

shield containing NRC-2 super insulation would extend across the vehicle to

minimize heat transfer between the warm MMH and the cold oxidizer and helium

(temperature difference of about 300°F).

The drawing for the single engine space probe propulsion

system (Figure 69) shows all of the tankage mounted via sheet metal structure

to the rings while the rings are held together by the longitudinal stringers.

The thrust loads are transmitted to the stringers by sheet metal structure.
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III, D, Task IV - SystemDesign Analysis (cont.)

Headmounted gimballng was selected for the single engine

design to minimize the cryogenic oxidizer line-length which reduces boiloff

and pressure losses (one bellows direct instead of two with plane changes).
Throat mounting would have shortened the stage length by iO to 12 in. but at

the expenseof increased line length weight and pressure drop.

The thrust structure shownfor the single engine design

consists of four reinforced sheet-metal arms extending from each of the four

longitudinal stringers to meet in a cross on the centerline axis of the space-

craft. The head-mounted, flexual-pivoted gimbal block is mounted at the center

joint with the two gimbal actuators attached to two adjacent cross members.

All of the space probe systems were designed to a 120-in.

diameter and necessary length to accommodate40:1 nozzles. For the single,
8000-1b thrust engine, the overall stage length was 186 in. for a HIPERTHIN

platelet injector* using gelled propellants (L* = 15 in.). With neat propel-

lants and the sametype of injector, the stage length could be the same to

4-in. shorter (172 in. minimumfor L* = i0 in.). The use of conventional

orificed injectors with larger L*'s resulted in stage lengths of 190 and

210 in. for neat and gelled propellants, respectively.

The non-gimbaled, three engine layout drawing shows

a preferred tank mounting structure which carries the main loads through the

four longitudinal box stringers and only two of the four rings. The remaining

rings stabilize the stringer structure (Figure 70). A sheet-metal structure

carries the tank loads to the stringers. The tankage mount loads are more

severe during boost than during spacecraft engine operation.

This method of tank mounting is suitable for both engine

designs.

*Aerojet-General Corporation proprietary concept; patent applied for.
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III, D, Task IV--System Design Analysis (cont.)

The three engine configuration results in a lighter

thrust mount structure since the engines are nearer to the load bearing

longitudinal stringers. The thrust loads for two of the engines are trans-

mitted to two longitudinal stringers and the lower ring by sheet-metal structure.

The third engine is mounted midway between the other two longitudinal stringers

with the thrust transmitted to the stringers by a sheet metal 1-beam type

construction.

The use of the three non-g_mbaled engines multiplies and

lengthens the cryogenic OF 2 lines and the earth storable MMH lines. OF 2

boiloff and MMH freezing will be more of problem but still basically the same

problem presented with the single engine configuration.

The three engine design is about 35 in. shorter than

the corresponding single engine system with the gelled propellants and the

platelet injector (151 in. overall). Each of the conventional injector systems

was shortened by 37 in. by changing to the three engine configuration; for

neat propellants 153 in. long; for gels 173 in. long.

3. System Performance

The delivered payload for the Space Probe mission was calcu-

lated for 12 cases; single- and three-engine configurations, neat propellants

and gelled propellants with two concentrations of frozen CIF 5 gelling agent in

the OF 2 and conventional and platelet injectors.

The two concentrations of small frozen CIF 5 particles repre-

sent the upper and lower limits of gelling agent expected to be required to gel

OF 2. Two volume percent of CIF 5 (3.05 wt%) was used as the minimum concentra-

tion assuming submicron particles can be generated. This is consistent with
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III, D, Task IV--System Design Analysis (cont.)

experience using 0.007-micron particles of Cab-O-Sil H5 (Si02) as shownin
Table 2. For an upper limit on gelling agent concentration, three times that

amountwas used, 6 vol% or 9.16 wt%. These gels were designated GOF2-E3and

GOF2-E2, respectively.

Differences in delivered payload for the sameengine configu-

rations were small in comparison to the base case of a conventional orifice

injector using neat OF2/MMH;from +3.67 to -5.24%. The small differences were
not unexpected since the comparisons were between the neat and nonmetalized
gelled forms of the samebasic propellant combination rather than between

chemically different propellant combinations.

The differences in delivered payload resulted mainly from

changes in delivered (predicted) specific impulse, propellant-flow pressure
losses and higher insulation allowances for the gelled propellants.

a. Single-Engine Design

For the fixed-thrust single-engine design, changing from

neat to gelled OF2/MMHresulted in a 4.1 to 5.2%reduction in delivered payload

depending upon the amountof CIF5 required to gel the OF2. This comparison
assumedthe use of conventional, orificed injectors for both the neat and gelled

propellants.

Using the HIPERTHINplatelet injector, changing from neat

to gelled OF2/MMHreduced the delivered payload by about 2.7 to 4.1%. As can
be seen from Table 18, the payload penalty for switching to the gelled propel-
lants was less for the platelet injector because a higher pressure drop was not

required to obtain proper atomization of the gels. Also, the predicted,

delivered specific impulse is higher for the platelet injector so that the
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III, D, Task IV--System Design Analysis (cont.)

delivered payload for the gelled propellants using the HIPERTHIN platelet injec-

tor was equivalent to the neat propellants using a conventional injector.

b. Three-Engine Design

With three, 2670 _ 330-ib thrust engines using conventional

injectors, the payload loss which resulted from changing to gelled propellants

was 4.1 to 5.1%. None of the three-engine, conventional-injector systems

offered the payload capability of the base case in Table 18 (neat, single-

engine, conventional injector). However, it should be kept in mind that the

three-engine design results in a 3 ft shorter stage which might offer weight

compensations evident only from a complete launch vehicle analysis.

For the platelet injector, the change to gelled propel-

lants caused a 2.7 to 4.1% payload loss which was about 1% less than conven-

tional injectors.

c. Laminar Gel Throttling

In each of the direct comparisons between neat and gelled

OF2/MMH, the use of the gelled propellants resulted in a payload penalty for

the Space Probe mission. This was expected since the most advantageous use of

gelled propellants is with deep throttling system whereas the Space Probe

mission-definition called for little or no throttling.

The fact which is not apparent from the Space Probe

analysis is that any gelled-propellant system using a HIPERTHIN platelet injec-

tor is inherently capable of deep valve-throttling without any increase in the

propellant tank operating pressure. The throttling is only limited by the mini-

mum allowable, injector pressure-drop and the propellant flow required to cool
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the injector face. Thus, any fixed-thrust gelled-propellant system using a

platelet injector can be converted to a deep throttling system (>I0:i) by

simply adding throttling valves to the flow circuits.

The factors which make this possible are the laminar flow

properties of the gels and the high, predicted combustion-efficiency of the

platelet injectors at low propellant injection velocities. As the gel flow

rate is reduced by ii:i throttling, it appears that the GMMH-SI injector pres-

sure drop would be cut by a factor of 3:1 (see Volume 2, Section III,C,3,a).

Thus, the single, 8000-1b thrust engine, flowing gelled propellants, would

still have a 20-psid injector pressure drop when valve throttled to only 727-ib

thrust. In the throttled condition, precise midcourse correction and orbit

adjustment maneuvers could be performed.

Rather than obtaining propellant mixing by high velocity

impingement, the platelet injector obtains high oxidizer-fuel contact areas by

mechanically producing thin, closely spaced sheets of the propellants. The

uniform, closely spaced flow channels of a typical HIPERTHIN platelet injector*

are evident in Figure 71. The ability to machine integral baffles by contour-

ing the injector face allows added development flexibility.

Although laminar flow can be obtained with ungelled pro-

pellants in the platelet injectors, the constant viscosity of the Newtonian

fluid results in a I:i direct proportionality between flow rate and injector

pressure drop. Assuming a minimum allowable injector pressure drop of 20 psid

at the ii:i throttled condition, a 220-psid drop would result at full thrust

causing an increased propellant tank and pressurization system operating pres-

sure and weight penalty. Thus, for deep throttling applications, the gelled

systems will probably have a higher payload capability than the neat propellant

systems.

*Aerojet-General Corporation proprietary concept; patent applied for.
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III, D, Task IV--System Design Analysis (cont.)

4. Pressure Schedule

a. Chamber Pressure

The optimum chamber pressure results in the minimum system

weight; however, on the basis of previous studies of bipropellant, pressure-fed

propulsion systems for Space Probe missions for the optimum chamber pressure

should be within the range of i00 to 300 psia. It was assumed that the optimi-

zation would have little effect on the neat/gel comparisons and a nominal

chamber pressure of i00 psia was used in each case (Table 18).

b. Injector Pressure Drops

An injector pressure drop of 60-psid was selected for the

neat OF2/_MH in conventional injectors. The 60-psid pressure drop on a chamber

pressure of I00 psia was selected to ensure the development of stable, high-

performing engines without extensive development testing programs.

The conventional-injector pressure drop with neat propel-

lants of 60 psid was increased by 67% to i00 psid for the gelled propellants.

The increased pressure drop provided for higher flow losses with the gels and

a higher injection velocity to provide better atomization. In the HIPERTHIN

platelet injectors, the pressure drop for both the neat and gelled propellants

was equivalent to that for the conventional injector with neat propellants

(60 psid). Since propellant atomization or contact is provided mechanically

by the thin platelet flow channels, a high injection velocity is not required.

c. Line and Component Pressure Drops

Representative line and component pressure drops were

tabulated for the neat OF2/MMH and then increased for the gelled OF2MMH.
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III, D, Task IV--System Design Analysis (cont.)

Both line and component pressure drops were increased by 50%. The increases

are somewhat arbitrary because of the wide variations in gel pressure-drop

data reported in the literature and lack of data for the subject propellants.

The increases are certainly adequate and could be conservative by a factor of

two.

5. Components

a. Thrust Chamber Assembly

The weight of the neat-propellant, conventional-injector

thrust chamber assembly was taken from Ref. 18 with appropriate scaling

to the present study. Conversion from the conventional injector to the

HIPERTHIN platelet injector was considered to result in a small reduction in

weight as the smaller chamber more than compensated for a heavier injector.

The net weight reduction was less for the gels as they required a higher L*

chamber for combustion efficiencies equivalent to that of the neat propellants.

b. Propellant Tankage

(i) Description

Two equal-sized spherical tanks were used for each

propellant. Ardeformed AISI301 was used for the OF 2 tanks and titanium 6AI-4V

for the MMH tanks. The diameter and volume of each tank are tabulated below:

Propellant Tank Diameter I in. Tank Volume_ ft 3

Neat OF 2 54.0 94.5

Gelled OF 2 54.5 97.1

Neat MMH 50.5 78.4

Gelled MMH 49.0 70.8
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III, D, Task IV-System Design Analysis (cont.)

Each of the spherical propellant tanks was vacuum

jacketed by a spherical shell of AA-2219" with layers of NRC-2 super insulation

between the tank and the jacket. Each tank and aluminum jacket were supported

by two mounting brackets set into the Jacket so that the jacket shell does not

support the tank. The tank was supported by wires or rods which run from the

mounting brackets to the propellant tank as shown in Figure 72. For the OF 2

tanks, pressurant inlet and propellant outlet lines penetrated the Jacket 45 °

from the top and bottom and followed around in the insulation to penetrate the

propellant tank at the top and bottom.

The aluminum jacket for each tank was provided for

both temperature control of the propellants and for mlcrometeorold protection.

The vacuum jacket and NRC-2 super insulation were required to contain the OF 2

during its prelaunch period in the earth's atmosphere. The thickness of the

vacuum jacket (0.060 in.) was about equivalent to that required for micro-

meteoroid protection for a 15-month space mission as extrapolated from the

curves for tank and bumper thicknesses in Ref 19. To reduce temperature

gradients in the stored gels, despite some inevitable temperature variations

on the surface of the vacuum jacket, twice as much NRC-2 super insulation was

used for the gels as for the neat propellants.

Layer s of NRC-2

Propellant Neat Ge__!l

OF 2 105 210 (=2 in.)

MMH 26 52

The aluminum shells over the MMH tanks may be used either as vacuum Jackets or

just as micrometeoroid shields with little or no effect on the system weight.

*AA = Aluminum alloy.
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Another reason for increasing the insulation on the

gelled OF2 tank was to prevent any boil-off. Boil-off would be expected to
cause variations in flow properties for the gel and should therefore be avoided.

The insulation on the MMHtanks helps maintain the 300°F temperature difference

between the fuel and the OF2.

The insulation is also necessary to provide enough

thermal resistance to prevent the propellants from boiling due to short periods

(during firing maneuvers) when the vehicle may not be oriented with the payload

pointed toward the sun. Direct solar heating of the vacuumJackets will tempo-

rarily occur but the insulation will isolate most of this heat in the vacuum

jacket until the vehicle is reoriented and the heat can then be re-radiated to

space before it has had an opportunity to soak into the propellant tank.

A safety factor of 1.5 on yield stress was used in

the design of the propellant tanks. The yield stresses for the materials were:

Ardeform AISI301 stainless steel, 240,000 psi, and titanium 6AI-4V, 150,000 psi.

The problem of maintaining proper temperature condi-

tioning of propellants left in the feed lines after a firing was considered.

It appeared unlikely that both the OF2 and MMHcould be kept from freezing or
boiling for an extended period of time. Therefore, somesort of venting or

purging of the propellant lines will probably be required. Several adequate
but not really satisfactory methods were considered but they were not pursued

because the problem appears to be commonto both the neat and gelled propel-

lants and not pertinent to the neat/gel comparison.
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III, D, Task IV--System Design Analysis (cont.)

(2) Tank Materials Selection

selection were:

The basic criteria for propellant tank material

io

2.

3.

4.

5.

High strength

Light weight

Weldable and fabricable

Good state-of-the-art availability

Propellant compatibility

The alloys considered after a preliminary qualita-

tive analysis were as follows:

Aluminum Base Iron (steel) Base Titanium Base

AA-2014 AISI301 (Ardeformed) 5AI-2.5Sn

AA-2219 AM350 6AI-4V

AA-6061 AM355 8AI-I Mo-lV

17-7PH

PHI5-7Mo

(a) Aluminum Alloys

Because of their low strength-to-weight ratios

in comparison to the better steel and titanium base alloys, the aluminum alloys

were not strong contenders for the propellant tank materials. For the micro-

meteoroid shields and/or vacuum jackets, aluminum alloys were superior to

either steel or titanium alloys although the particular alloy did not appear

to be important as tensile strength was not a pertinent factor.
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For optimizing the weight of the externally

pressurized spherical vacuum jacket, the significant parameter was density

divided by the square root of the Young's Modulus for the material. For alumi-

nums, titaniums, and steels, the relative weights were 1.00, 1.29 and 1.64,

respectively.

A similar comparison for the micrometeoroid

bumper application (Reference 19), resulted in the following relative weights

for aluminums, titanium 6AI-4V and 17-7 PH steel: 1.00, 1.18, and 1.38.

The AA-2219 was considered to be the best

material for the micrometeoroid bumpers/vacuum jackets. It combines good

state-of-the-art with excellent weldability (including very good repair weld-

ing characteristics and, if desired, a simple post-weld heat-treat cycle),

good as-welded strength and ductility, good notch toughness, strength secondary

only to AA-2014-T6 and propellant compatibility equivalent to the other alloys

coupled with good resistance to stress-corrosion cracking susceptibility.

(b) Steel Alloys

The alloys AM350 and Ardeformed AISI301 have

had considerable application in high-pressure tankage. The 17-TPH and PH 15-7

Mo compositions have had less application as tankage and AM355, although pro-

duced in sheet form, is less preferred than its counterpart alloy, AM350.

However, the relative state-of-the-art is rated good for all five alloys. The

newest alloy, Ardeformed AISI301, has had intensive development in the last

few years bringing the knowledge and experience to a high level. The general

corrosion-resistance of AISI301 is superior to all the other alloys, although

17-7PH and PH 15-7 Mo rank close and the machinability of all the alloys is

similar since they are all basically stainless steels.
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III, D, Task IV--System Design Analysis (cont.)

With respect to general weldability and ease

of weld repair, 17-7PH, PH 15-7 Mo and AISI301 are rated best and are compa-

rable; however, post-weld heat treatment is required for all compositions except

AISI301. Post-welding heat treatment of 17-7PH and PH 15-7 Mo requires anneal-

ing at 1400°F to 1700°F followed by subzero cooling (-60°F) and hardening at

850 to I050°F to produce weld Joints of 94% or better weld strength efficiency.

Dimensional changes during cooling and hardening cause an expansion of

0.004 in./in. There are no dimensional changes to account for with Ardeformed

AISI301. The transformation during forming at -320°F is all factored into

stretch-forming parameters and the resultant joint strengths are reliably 100%

equivalent to the parent metal.

Ardeformed AISI301 offers unique reliability

for welded joints that is inherent in the process. The Ardeform process

includes cryogenic stretch-forming of parent metal and weld in producing tank-

age, thus, all units and their welds are proof-tested. Defective weldments

are eliminated by the process even if passed by normal inspection prior to

forming.

Although the Ardeformed AISI301 is essentially

proprietary with a single source* it presents the highest strength, weldable,

corrosion-resistant tankage material with maximum, reliable weld-Joint

efficiency. Because of these factors, Ardeformed AISI301 was selected for the

OF 2 propellant tank material. Titanium alloys were not considered for the OF 2

tanks because of questionable compatibility.

(c) Titanium Alloys

The low level of the state-of-the-art and weld-

ability experience combine to eliminate the Ti-8AE-IMo-IV alloy from further

*Arde-Portland, Inc., Paramus, New Jersey
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consideration, but the simplicity and benefits of a post-weld stress relief

(compared to reannealing and/or aging) to produce the weldment tensile proper-

ties are evident.

The strength superiority of welded Ti-6AI-4V

alloy governs its selection as the candidate alloy over the Ti-5AI-2.5Sn alloy

which has slightly better welding characteristics and better weld ductility.

The 6AI-4V alloy is the best overall material.

It has been widely used in pressurized tankage; has equal or better weldability

(including weld repair); weld strengths closely approximate the parent metal.

Also, it is the highest strength titanium alloy with good notch toughness, and

has a minimum strength to weight ratio of 1,000,000. Titanium 6AI-4V was

selected as the material for the MMH tanks, but could not be used for the OF 2

tanks because of questionable compatibility. Because of its high strength at

lower temperatures (-230°F), the specialized titanium 6AI-4V EL1 was selected

for the high-pressure helium storage tanks associated with the pressurization

system which is described below.

c. Pressurization System

A regulated helium pressurization system was used for

the Space Probe systems (Figures 66, 67 and 68). The helium was stored at

4500 psi in two spherical titanium (6AI-4V EL1) pressure vessels at the tem-

perature of the OF 2 (-230°F). The safety factor of 1.5 on a yield stress of

200,000 psi (at -230°F) was used in the vessel design.

By adding heat to the high-pressure helium from a fuel

heat exchanger, a constant temperature expansion from 4500 to 400 psia was

obtained. Before being sent through the pressure regulator, the helium was
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III, D, Task IV--System Design Analysis (cont.)

warmed to the ambient temperature of the fuel (MMH) through another portion of

the fuel heat exchanger. The low-pressure helium gas was then conditioned to

the temperature of the propellant it was pressurizing before entering the pro-

pellant tanks. Final conditioning of the low-pressure helium to the propellant

temperatures was used to avoid venting after one firing or pre-pressurizing

before another. A 30% helium reserve was provided.

The high-pressure titanium spheres in which the -230°F

helium was stored were insulated with NRC-2 insulation protected by an aluminum

vacuum jacket. An alternative approach would be to place the helium storage

vessels in the OF 2 tanks. These approaches are believed to be approximately

equivalent in weight but the latter would tend to be more operationally complex.

d. Structure, etc.

The breakdown of the weights used to account for the

structure, shadow shielding, flow components and lines, electrical harness and

instrumentation and a destruct system for the Space Probe propulsion system is

presented as follows:

A structural weight of 275 ib was used for the single-

engine configuration, but this weight was reduced to 215 ib for the three-engine

configuration because of less engine mount structure. Gelling the propellants

did not affect the structural weight.

An allowance was made for a thermal shield across the

stage between the OF 2 and MMH tanks. The shield was assumed to consist of two

O.030-in.-thick aluminum plates mounted i in. apart with NRC-2 super insulation

between the plate_ The plates were contoured around the propellant tanks and

the assembly weight was estimated to be ii0 lb.
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III, D, Task IV--System Design Analysis (cont.)

To account for the propellant and helium lines and all

nonpressure-dependent flow-component weights, 90 ib was allowed. This includes

pressurization system and feed system valves, etc., which were not affected by

tank pressure scaling. Insulation was included in these weights.

Thirty-five pounds was estimated to cover the electrical

harness, instrumentation, and destruct system. For use with the HIPERTHIN

platelet injectors, the weight for an active flow control system was estimated

at i0 ib for the neat propellants and 20 ib for the gels. Passive flow control

was assumed to be adequate for the conventional injectors.

Page 136

I
I-
I

I
I

I
I
I

I
i

I
I
I

I
I

I
I
I
I



I

!

i

I

I

I

I

I

I

I

I

I

I

I

I

I

I

i

III, D, Task IV--System Design Analysis (cont.)

6. System Advantages and Disadvantages

A list of system advantages and disadvantages encountered by

gelling the propulsion system propellants is presented as Table 19. Most of

the advantages and disadvantages are common to each of the three missions

studied; lunar Descent, lunar Ascent, and Space Probe. The exception is that

the Ascent and Space Probe missions do not require deep throttling as presently

specified and that advantage is lost unless the Space Probe mission finds that

deep throttling is necessary to achieve accurate midcourse and orbit adjustment

maneuvers. Therefore, with the propellant combination OF2/MMH , the missions

can be divided into two categories; those which require deep throttling and

those which use essentially fixed thrust engines.

For the deep throttling propulsion systems, the use of a

gelled propellant becomes a tradeoff between the advantages listed in Table 19

and the handling (no boil-off) and cleaning difficulties suggested by the

list of disadvantages. The delivered payload for neat and gelled OF2/MMH with

HIPERTHIN platelet injectors appears to be about equal so payload capability

does not affect the comparison.

For the fixed thrust propulsion systems, however, the deep

valve throttling capability is no longer an advantage and the added disadvantage

of a delivered payload penalty of 3 to 4% is incurred with gelled OF2/MMH. This

conclusion is based on the comparison between the neat and gelled propellants

with the platelet injector.

The most advantageous application of nonmetalized gelled

propellants appears to be for deep throttling systems using the HIPERTHIN

platelet injector. However, its application may be limited to propellants with

fairly low temperature differentials as heat transfer between the thin platelet

may cause boiling or freezing.
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III, D, Task IV--System Design Analysis (cont.)

The system advantages and disadvantages listed in Table 19

are roughly in order of importance. The reason for placing the no boil-off

requirement for the gels as the primary disadvantage is that it is not apparent

whether accurate gel flow control can be obtained if gel boil-off does occur.

Preliminary analysis indicates that OF 2 and possibly even LF 2 may be space-

stored at equilibrium temperatures equivalent to their normal boiling points

by shielding from solar heating and by radiating to dark space with proper

tank surface coatings. However, until this conclusion and all the aspects of

ground handling, such as precooling of transfer lines and propellant tanks,

are investigated in detail, the no boil-off requirement may be the most serious

disadvantage for cryogenic gels because accurate flow control may not be

possible without it.

When this study was initiated, it was believed that one of

the chief advantages of getting a cryogenic propellant would be to reduce its

boil-off rate to about one third its normal value by eliminating convective

heat transfer within the propellant bulk. On the basis of a careful study of

the reported literature and on Aerojet's experience, it was concluded that

gelling a cryogenic propellant (OF 2 in this study) would not significantly

affect its boil-off rate. Therefore, reduced boil-off was not listed as a

gelled-propellant advantage nor was it used in the system study. Actually, the

most conservative approach of imposing a "no boil-off" requirement on the

gelled OF 2 was used.
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. TASK I--PRELIMINARY INVESTIGATION

The literature review showed that most gel work was scattered, and

that only Alumizine was well-characterized.

The abstracts and summary tables in Volume 2, Appendix A should

be valuable in acquainting personnel with the state of the art of gelled

propellants and in finding existing data on specific propellants.

It is presently believed that the highest development test priority

should be given to (i) manufacturing sub-micron particles of frozen CIFs, and

gelling OF 2 with these particles.

Gelling a cryogenic propellant (LO 2 and LN 2 tests) eliminates

spreading, and significantly reduces the rate of boiloff when it is spilled

on a hot (ambient) surface. The hazard in spillage of LF2, OF2, or FLOX

would be reduced greatly by these effects.

B. TASK II--PRELIMINARY ANALYSIS

Carefully planned tests should be conducted to determine the

effects of size, configuration, and flow rate on flow pressure drops for

various types of simple and complex flow restrictions. Only straight tube

data is reasonably defined at present.

Changes in gel yield stress during long-term storage may be a

problem, and gelled propellant samples should be placed in storage early in

any system development program so that adequate storage and aged-material

flow data is available.
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IV, B, Task ll-Preliminary Analysis (cont.)

Differences in start, shutdown, and throttling transients between

gelled and neat propellants were minor and of a magnitude to be easily elim-

inated by changes in valve timings or valve characteristics.

Changes in component pressure drops can be drastically reduced

during throttling by operating in the laminar regime of the gel rather than

the turbulent regime of a Newtonian fluid. Even when compared to laminar

Newtonian flow the gel's change in pressure drop is less because the gel's

"apparent viscosity" increases to compensate as the flow is throttled back.

Both OF 2 and MMH in either the neat or gelled condition were

found to be space storable for 15 months without freezing or boiling, but

gelling the propellants makes it more difficult to minimize the temperature

extremes seen by gel on the hot and cold sides of the tank. Radiation shields

are desirable in both cases.

The evaluation of gel vaporization characteristics with respect

to vapor bubble formation and propagation through the gel mass should be

included in storage boiloff tests for the main tank and feed line to the

thrust chamber valve.

C. TASK III--COMPONENT DESIGN ANALYSIS

i. Propellant Expulsion and Control

The series of slosh tests of gelled water resulted in the

expected conclusions that the gel will raise the frequency at which the slosh

modes occur and greatly dampen the slosh modes. It is significant that the

modal behavior or slosh motion of gelled water is completely different from

the motion of water and that slosh motion of the two different types of gel
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IV, C, Task Ill--Component Design Analysis (cont.)

is also different. The implication of this result is that, from the view-

point of predicting or calculating slosh behavior or slosh loads of gelled

fluids, none of the available theoretical and experimental work performed to

date on Newtonlan fluids can be applied. Although the behavior of only two

gels was tested, there is an indication that the slosh behavior of any given

gel may be completely different from any other gel. Therefore, for the

present, all slosh investigations of gels must be approached experimentally.

A metal screen placed over a gel can contain the propellant

in the lower portion of the tank against an adverse acceleration of several

g's. Care must be taken that too fine a screen is not used for particulate

gels because in one test the 150-micron openings (0.006 in.) in a i00 by

100 mesh screen filtered out most of the submicron, but probably agglomerated,

particles of Santocel Z from the gel, but allowed the clear fluid to pass

through. Possibly, filters may not be used with particulate gels.

Screens should not be used where the gel is intended to be

expelled through the screen. The pressurant will core through the gel to the

outlet and result in poor expulsion efficiencies.

efficiencies:

Several factors were found to improve gel expulsion

(I) Gel tank outlet end closures should be contoured or

conical with an included angle of 90 degrees or less. When the thrust-to-

weight ratio of the vehicle is less than one, it may be desirable to increase

the slope of the outlet end-closure accordingly.

(2) A good gelling agent should be able to produce a cohesive

gel which does not tend to stick to metal tank walls. If a nonadhering gel
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IV, C, Task Ill-Component Design Analysis (cont.)

cannot be produced, then consideration should be given to a coating such as

Teflon on the smooth interior surface of the tank when propellant compatibility

does not prevent it.

(3) Tests with a first-try design of a centrally located

baffle over the gel outlet in a flat bottomed tank reduced gel residual to

one-half or less of that for unbaffled expulsion. More work should be done

to determine the pertinent scaling factors and optimum design configurations.

(4) Both accleration toward the gel outlet and horizontal

slosh forces appear to improve the expulsion efficiencies of the gels.

2. Flow Con_ol

The use of OF 2 and MMH as gelled propellants poses no major

problems with respect to controls. Possible advantages would be reduced

leakage and simplified propellant level sensing since the shape and position

of the gel would be known.

Gelled propellant mixture ratio control may not be adequate

with passive methods because of the high-temperature gradients which can be

sustained across a gelled propellant during storage (no covective mixing).

Active flow control devices will be required for laminar flow systems since

laminar flow pressure drops are more temperature dependent than turbulent

flow pressure drops. The development of an active control system appears to

be well within the state-of-the-art.

As line size is decreased and gelled propellant made more

viscous, a switch-over will occur in which an end-of-line bleed will be

required instead of a high-point bleed as gel structure overcomes gravitational

effects.
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IV, C, Task lll-Component Design Analysis (cont.)

3. Injector Design and Throttlin_

The HIPERTHIN platelet injector seems to be the best injection

concept for gelled propellants. The injection of 0.003- to 0.010-in.-thick

sheets of propellant from wide but shallow, etched channels offers mechanical

mixing so that complete combustion should be attainable for neat propellants

in an L* of i0 in., while gels may require an L* of 15 in. The laminar gel

flow which results from the shallow channels allows i0:I throttling, while

an injector pressure drop of i00 psid falls to between I0 and 40 psid.

Freezing of the MMH in the platelet injector is a possible problem since

about a 300°F temperature difference exists between the OF 2 and MMH. If a

gelled propellant injector development is initiated, primary emphasis should

be placed on HIPERTHIN platelet designs.

Gas-gas combustion also appears attractive for gelled propel-

lants, and platelet injectors might be used in both the thrust chamber and

the gas generators; however, there is a possibility of gas-generator material-

compatibility problems with the hot oxidizer-rich combustion products. The

evaluation of the oxidizer-rich OF2/MMH reaction and material compatibility

would be the first step in the development of a gas-gas system.

The only significant change made in designing the conventional

triplet injectors and the momentum exchange triplet injector was to increase

the gel pressure drop by 67% to improve the atomization of the gelled propel-

lant. The usual neat propellant discharge coefficients were reduced 15%,

when sizing gelled propellant orifices, to account for the increased viscosity

of the gel.

The gelling agent for OF 2 was changed from the inert LiF to

CIF 5 to prevent the LiF from clogging the injector passages and orifices
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IV, C, Task lll--Component Design Analysis (cont.)

following each firing. The CIF 5 will vaporize when heated and leave the

interior of the injector clean so that reliable restart operation can be

obtained.

Some cold-flow tests with a gel similar to the MMH/Colloid

8010 indicated that only a thin, hard film is left as a residue by the fuel

and that the accumulated film does not affect flow resistance for up to

three restarts. Tests should be made to determine approximately how many

restarts can be made before flow resistance is increased by the accumulated

gelled-fuel residue.

The cooling properties of gelled propellants are unknown.

Before a conventional injector can be confidently designed, heat-transfer

data should be obtained for injector regenerative cooling and thrust-chamber

film cooling. These tests should include data for passages which have under-

gone many restarts to evaluate the effect of baked-on gelled-fuel residue.

It is believed that gelling the propellants will not affect

injector or thrust chamber material compatibility because of the low gelling

agent concentration and because the gelling agent is either inert or similar

in compatibility to the propellant in Which it is used.

4. Performance

The performance analysis predicts that fully developed con-

ventional orifice-type injectors may require an L* of 50 in. for gelled

propellants in contrast to an L* of 20 in. for comparable neat propellant

performance. A 50 in. L* results in an undesirably long chamber. It appears

that gelled propellant injector development efforts should be directed toward

the HIPERTHIN platelet or gas-gas injection techniques. The former is
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IV, C, Task Ill-Component Design Analysis (cont.)

predicted to provide good performance with L*s of i0 and 15 in. for neat and

gelled propellants. The gas-gas main thrust chamber should only require an

L* of 8 in. for either propellant, but it also has two gas generators which

should be packaged adjacent to the main chamber injector.

Predicted vacuum performance for the gels using energetic

gelling agents was only about 1% below that predicted for neat non-gelled

OF2/MMH when the gelled system used a large L*. The gel compositions were

90.84% OF 2 + 9.16% CIF 5 and 99.0% MMH + 1.0% Colloid 8010.*

The major performance losses for both the neat and gelled

OF2/MMH conventional injector systems were the kinetic (recombination) loss,

the mixture ratio distribution loss and the energy release loss; each about

3.5-4.0% at I00 psia. The 13,000-1bf system had no mixture ratio distribu-

tion loss as no film cooling was used.

Both kinetic loss and energy release loss were sensitive to

decreasing chamber pressure as throttling the 13,000-1bf chamber ii:i raised

the sum of the two losses from 7.3 to 14.85% of the theoretical specific

impulse. From the high dependence of the predicted (delivered) performance

on chamber pressure, it is apparent that space propulsion systems should be

optimized on chamber pressure by tradeoffs between increased predicted per-

formance and increased component weights (including the propellant feed and

pressurization subsystems). Such an optimization is time-consuming and

therefore, usually not performed unless there is sufficient interest in the

system performance to warrant the cost. Optimizations using a fixed fraction

of theoretical performance for each chamber pressure are not considered

adequate.

*Colloid 8010, a modified galactomannan from Stein, Hall & Co. New York,
New York
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IV, C, Task Ill--Component Design Analysis (cont.)

The 3.6 to 8%kinetic loss was predicted using the reaction

rate constants for H+Hand H+F in Ref 16 on the assumption that these reaction

rates for the F2/H2 reaction are unchangedin the OF2/MMHreaction. If this
should not be true, the kinetic performance losses would be conservatlve,

perhaps by as muchas 30%. An effort should be madeto see that these rates

are properly determined and published for the OF2/MMHreaction as a part of

the OF2/MMHtest programs currently being sponsored by NASA.

D. TASKIV--SYSTEMDESIGNANALYSIS

For a fixed-thrust pressure-fed lunar Ascent system with a

HIPERTHINinjector, switching from neat OF2/MMHto gelled OF2/MMHreduced
the delivered payload by 3 to 4%. Causesof the payload penalty were:

reduced specific impulse, increased residual propellant, increased propellant-

tank and pressurization system operating pressure (and weight) due to higher
flow losses and increased insulation weights for the gelled propellants.

For the Space Probe mission which was essentially fixed thrust,

changing from neat to gelled OF2/MMHcaused a 4 to 5%payload reduction with
conventional injectors and a 3 to 4%reduction with HIPERTHINplatelet

injectors.

For the ii:i throttling descent mission, switching from neat to

gelled OF2/MMHresulted in a delivered payload change from +2Z to -3Z when
using the HIPERTHINplatelet injectors for laminar-flow throttling. The

gelled propellant payloads with the platelet injector were from 1/2 to 3%

greater than that for neat propellants with a conventional momentumexchange

injector. The amount of change dependent upon the gelling agent (CIF 5) con-

centration in the OF 2 and the minimum allowable injector pressure drop

assumed in the analysis.
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IV, D, Task IV--System Design Analysis (cont.)

The results of the system design analysis were determined by using

the following gel characteristics, each of which should be investigated for

verification and/or improvement:

Both neat and gelled propellant delivered specific impulses will

be increased by changing from conventional orificed injectors to HIPERTHIN

platelet injectors.

Gel pressure drops through a typical propellant feed system (lines

and components) may be up to 50% greater than for the neat propellants of

interest (OF2/MMB).

Gelling the propellants will increase the residual from about

1% to 1-1/2% of the initial loaded propellant weight.

The analysis showed that the most important areas of investigation

are: (I) to demonstrate the high performance which has been predicted for the

HIPERTHIN platelet injectors and their suitability for use with the gelled

propellants, and (2) to develop the gelled propellants. For the propellants

considered in this study, OF2/MMH , the primary propellant development effort

would be for OF 2 gelled with a minimum amount of small, frozen CIF 5 particles.

Chronologically, the propellant development would be the initial task.

Gel pressure drops should also be investigated as a function of

line size so that line-size, pressure-drop tradeoffs can be made to optimize

the propulsion system for specific propellants and missions.

Gelled propellant residuals are another mission dependent

parameter. If the gelled propellant residual were reduced from 1-1/2% to i%,

then the delivered payload would be increased by about 0.6%. Some missions
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IV, D, Task IV--System Design Analysis (cont.)

maybenefit from breaking downthe gel near the end of the expulsion to reduce

gel residual, i.e., hot gas expulsion of the OF2 to melt the residual frozen

CIF5 gelling agent.

The propellant limitations which might be imposedby on the platelet

injector inter-platelet heat transfer should be investigated. Because of the

proximity of the oxidizer and fuel passages in platelet injectors, the heat
transfer between the propellants may prove to be a problem with propellants

which must be held at widely separated temperatures such as OF2/MMH.Propellants

with a commonliquid range such as earth storables, OF2/B2H6 or LF2/LPG*would
not be effected.

*LPG= Liqulfled petroleum gas.
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II.

III.

TABLE i

DEFINITION OF DESIRED CHARACTERISTICS

PERFORMANCE

A. Theoretical I : high.
s

B. Density: high.

C. Combustion and expansion losses:

D. Hypergolicity

E. Ignition: smooth and repeatable.

STORABILITY

No

B.

C.

D.

E.

F.

G.

H.

I.

lOW.

Storability >2 years.

Gel separation: minimum.

Material compatibility: good.

Bulk growth: minimum.

Liquid range: wide (should include space-storable ambient).

Slosh: minimum (i.e., high yield stress).

Mechanically stable (i.e., high yield stress).

Leak sealing ability: tank pressure across 0.25-0.50-in. dia holes.

Position stability in Zero g: stable in main engine shutdown and

up to ACS acceleration level.

RHEOLOGICAL PROPERTIES

Flow Characteristics

(i)

(2)

(3)

AQ

Shear thinning: maximum.

Shear stress/shear rate temperature dependence:

Boiloff characteristics

minimum.

(a) Boiloff rate: minimum, <1/3 of neat propellant.

(b) Boiloff limit: high, >10%.

(c) Boiloff residue: none or nonadhering and noncompacting.

Table i, Page 1 of 2
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Be

TABLE i (cont.)

Static Characteristics

(i) Yield Stress

(a) High for slosh and position stability.

(b) Low to reduce pressure drop.

(2)

(3)

LOGISTICS

A.

B.

C.

Handling

(a) Toxicity: low.

(b) Contamination:

(c)

(d)

Utilization

(a) Residuals.

i

2

3

4

5

nonsensitive.

Flash and fire point: high

Nonsensitive to mechanical and explosive shock.

Minimum i%.

Cohesive (nonwetting).

Uniform.

Unaffected by temperature gradient.

Unaffected by boiloff.

Cost: low.

Availability: high.

Mixing requirements: _ minimum.

Table i, Page 2 of 2
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TABLE 2

CAB-O-SIL H5 CONCENTRATIONS REQUIRED TO GEL SEVERAL LIQUIDS

Gelling Agent Concentration, (I) Yield Stress

wt% Vol% dyne/cm 2

LH 2 35-37 1.8-1.9 550-1210

LO 2 2.85 1.54 200-208

LN 2 4.6 1.7 380

OF 2 4.5 3.7 (2)

Reference

GI8

F24

GI8

GI9

(i)

(2)

Gelling A_ent: Cab-O-Sil H5 approximately 0.O07-micron particles of

pyrogenic silica (SiO2).

Larger volume concentration attributed to use of larger sized particles,

0.008 to 0.015 micron, as reported by the user. Apparently a different

grade of Cab-O-Sil (other than H5) was used.

Table 2



TABLE 3

PROPELLANT PROPERTIES USED IN PERFORMANCE ANALYSES

Propellant/Gelling

Agent

LF 2

Gel, 3.5% LiF

with these fuels: (i)

LH 2

Gel, 13.3% Li

N2H 4 Blend (2)

Gel, 2% CP (3)

B2H 6

Gel, 2.1% Li

OF 2

Gel, 3.4% LiF

with these fuels: (i)

B2H 6

Gel, 2.1% Li

C3H 6 (Propylene or propene)

Gel, 2% AI Octoate

OF 2 gel, 9.2% CIF 5

MMH

Gel, 1% Colloid 8010

FLOX-73.3

Gel, 3.5% LiF

with

0.52 C3H 6 + 0.48 C3H 8

Gel, 2% AI Octoate

98% H202 with

Beryllizine 33

(I)

(2)

(3)

Density TUSED TNB P TNF P

ib/ft 3 °R °R °R

93.91 153 153 95

95.35 153

4.43 36.7 36.7 25.2

5.01 36.7

61.38 537 682 457

61.51 537

32.45 195.2 325.5 195.2

32.47 195.2

94.91 230 230 89

96.28 230

31.20 230 325.5 195.2

31.24 230

45.18 230 406 158

45.43 230

230 230 89

54.10 537 649 397

54.29 537

86.55 160 160 90

88.01 160

87.4 160 410 137

86.4 160

89.29 537 762 491

73.76 537 696 495

Neat oxidizer with each neat fuel and gelled oxidizer with each gelled fuel.

67% N2H 4 + 24% MMH + 9% H20

AeroJet-General Corp. proprietary gelling agent.

Table 3
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TABLE 4

NEAT AND GELLED PROPELLANT THEORETICAL PERFORMANCE COMPARISON

I

I

I
I

I
I

!

!
I

l
i

I
I

I
I

NFAT GELLED

Propellants MR I (see) MR I (sec)
S -- S

Standard Expansion

.(pc = i000 to 14.7 psia)

LF2/LH 2 8.00 411.0 7.00 399.5

LF2/N2H 4 Blend 2.33 360.5 2.40 348.6

LF2/B2H6 5.25 372.4 4.00 356.9

OF2/B2H6 3.55 365.6 3.20 357.4

FLOX-73.3/ 4.17 350.5 4.30 338.4

0.52 C3H 6 + 0.48 C3H 8

OF2/C3H6 3.85 346.2 4.00 335.0

Average loss

Vacuum Expansion

(Pc = i00 psia, Ae/A t = 40)

LF2/LH 2 9.00 474.3 7.36 461.9

LF2/N2H 4 Blend 2.37 417.9 2.45 409.1

LF2/B2H6 5.40 432.2 4.00 418.7

OF2/B2H6 3.60 427.1 3.40 419.4

FLOX-73.3/

0.52 C3H 6 + 0.48 C3H 8 4.18 407.0 4.31 396.1

OF2/C3H6 3.75 402.2 3.97 391.7

OF2/MM H 2.50 399.0 2.50 391.0

Average loss

Using Improved OF^ gel

OF_/MMH (OF9 gell_d by

CiF5 )
2.50 399.0 2.70 397.1

Table 4

Loss (z)

2.8

3.3

4.2

2.2

3.5

3.2

3.2

2.6

2.1

3.1

1.8

2.7

2.6

2.0

2.4

0.5



TABLE 5

PERFORMANCE LOSS SUMMARY AT DESIGN CONDITIONS

PROPELLANT

VACUUM THRUST, LB

CHAMBER PRESSURE, PSIA

EXPANSION RATIO

MIXTURE RATIO

LF2/N2H 4 BLEND

7300

95

40

1.91

LOSS TYPE SECONDS OF Is

NOZZLE GEOMETRY LOSS

NOZZLE FRICTION LOSS

RECOMBINATION LOSS

ENERGY RELEASE LOSS

O/F DISTRIBTUION LOSS

TOTAL LOSSES

THEORETICAL SPECIFIC IMPULSE

PREDICTED SPECIFIC IMPULSE

9.3, 4.1"

7.0, 7.5*

8.8

16 .i

3.5

44.7, 40.0*

410.7

366.0, 370.7*

*REFERS TOLOSS FOR TRANSTAGE NOZZLE LENGTH PLUS 12 IN.

Table 5
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TABLE 6

ESTIMATED PROPELLANT PERFORMANCE FOR THE LUNAR MISSIONS

Propellants

LF2/LH 2

Gel, 3.5% _I
13.3% Li'-"

Descent (3)

Is % Theo (MpAy/M
MR Delivered Is VEH)

7.8 420 89 .371

9.0 398 84 .355

Ascent (3)

(_AY/MvEH)

.489

.475

6.8 400 87 .353 .472

8.0 388 84 .347 .467

9.0 383 83 .345 .466

370 90 .385 .486

342 82 .330 .458
LF2/N2H 4 Blend 1.9

2.37

Gel, 3.5% LiF
/2% CP (2) 2.0 360 89 .349 .476

2.45 336 82 .323 .452

LF2/B2H 6 4.35
5.3

370 86 .354 .481

351 81 .336 .464

Gel, 3.5% LiF

/2.1% Li 3.3 360 87 .342 .470

4.0 343 82 .325 .453

370 87 .352 .479

351 82 .334 .461
OF2/B2H 6 3.1

3.8

Gel, 3.4% LiF

/2.1% Li 2.8 360 90 .340 .468

3.4 344 82 .325 .453

FLOX-73.3/.52

C3H 6 + .48 C3H 8 3.45
4.18

360 91 .350 .478

338 83 .327 .456

Gel, 3.7% LiF

/2% A10ctoate 3.5 345 89 .335 .463

4.31 325 82 .312 .441

(i) Respective gelling agents and concentrations for each preceding named

propellants.

(2) Aerojet-General Corp. proprietary gelling agent.

(3) Assumes no propellant boiloff prior to use.

Table 6, Page i of 2
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TABLE 6 (cont.).

Propellants MR

OF2/C3H 6 3.2

(Propylene) 3.85

Gel, 3.4% LIF

/2% AI Octoate

I % Theo
s

I
Delivered s

Descent (3)

(MpAy/.

mVEH)

Ascent (3)

(_AY/MvEH)

350 89 .336 .464

330 82 .314 .443

3.3 340 89 .326 .454

4.0 322 82 .306 .435

OF2/MMH 2.1 345 87 .331
2.5 335 84 .321

Improved OF 2

Gel, 9.2% CIF.
1% Colloid _010

98% H_O_/

Ber_l_izine 33

.459

.449

2.1 340 86 .326 .454

2.6 330 84 .315 .444

0.58 345 86 .332 .460

(3) Assumes no propellant boiloff prior to use.

Table 6, Page 2 of 2
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TABLE 7

LUNAR MISSION AND SYSTEM PARAMETERS

Mission

AV, ft/sec

Propellant Weight,

System

F/WvEH, ib/ib

WNvD/F, ib/ib

WvD/V T, ib/ft 3

LF2/LH 2 systems

Other systems

ib

Descent

Mission

7745

17,500

0.38

0.32

F/WvE H = Engine-thrust to vehicle-weight.

WNvD/F = Nonvolume-dependent weight to engine thrust.

WvD/V T = Volume-dependent weight to tank volume.

Table 7

Ascent

Mission

6882

5000

0.40

0.082



TABLE 8

SPACE PROBE MISSION AND SYSTEM PARAMETERS

Mission

AV, ft/sec

Propellant Weight, ib

7500

13,000

system

F/WvE H, ib/ib*

WNvD/F , Ib/ib*

WvD/V T, ib/ft 3.

No insulation

One propellant insulated

Both propellants insulated

0.290

0.088

7.9

8.4

8.9

.I

I

I
I

I
I

I
I
I

I

Legend

F/WvE H = Engine-thrust to vehicle-weight

WNvD/F = Nonvolume-dependent weight to engine thrust

WvD/V T = Volume-dependent weight to tank volume

*Voyager Spacecraft Propulsion, AeroJet-General Corporation, Preliminary

Design Report 9610-VTF-2, 12 November 1965.
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Symbols

NU

GR

PR

qSUN

qrad

T
w

h L

T B

c_S

(J

e

TSAT

(q/A)ma x

0 v

0 L

hfg

g

go

n

T
S

TABLE i0

HEAT TRANSFER ANALYSIS SYMBOLS

Nusselt Number

Grashof Number

Prandtl Number

2
solar irradiation Btu/in. sec

heat flux radiated from tank surface Btu/in.2sec °R

tank wall temperature

convective heat transfer coefficient Btu/In.2sec °R

propellant bulk temperature

solar absorptivity

tank surface emissivity or emissivity of shield elements

sun side emissivity of outboard element

Stefan-Boltzman constant

angular location, see Figure I

propellant saturation temperature °F

maximum heat flux in nucleate boiling

density of saturated vapor ib/ft 3

density of saturated liquid ib/ft 3

heat of vaporization Btu/ib
2

local acceleration ft/sec

gravitational constant 32.174 ft/sec

number of shield elements

outboard shield temperature

Table i0
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System Number

Propellant

Chamber Pressure, psia

Injector inlet, psia

Valve inlet, psia

Orifice discharge, psia

Orifice inlet, psia

Tank, psia

Weight flow, ib/sec

TABLE Ii

PRESSURE SCHEDULES

Neat Propellants

3

MMH OF 2

86.5 86.5

110.9 108.3

111.2 109.2

115.5 109.8

127.0 116.9

134.8 124.3

17.3 36.4

Table ii

Gelled Propellants

4

GMMH'SI GOF2-EI

88.6 88.6

115.9 122.5

116.3 124.0

122.3 125.7

137.7 139.4

148.4 154.3

17.4 38.5



TABLE 12

SUMMARY OF GELLED WATER EXPULSIONS WITH SCREENS AND BAFFLES

Organic Gel Tests (0.27% Carbopol 940)

Tes t

i

2

3

3a

4

4a

5

6

7

8

9

Type of Air

Tank/Screens Expulsion Source

Main/2 Pans Normal Shop

Maln/2 Pans Reverse Shop

Maln/2 Pans Reverse Bulb

Receiver/None Air injection Shop

Main/2 Pans Reverse Bulb

Receiver/None Air injection Bulb

Main/2 Pans Reverse Shop

Receiver/None Open Shop

Receiver/None Open Shop

Receiver/None Open Shop

Receiver/None Baffled Shop

Results

Cored, 10% expelled

Cored, 5% expelled

Cored, 5% expelled

Thin vertical core

Cored, 5% expelled

Thin vertical core

Cored, 5% expelled

Cored, 1.5-1n. residual

Cored, 1.5-in. residual

Cored, 1.5-in. residual

Cored, 0.8-in. residual

1

la

ib

2

3

3a

3b

4

5

6

7

Particulate Gel Tests (5.2% Santocel Z)

Main/2 Pans First Fill Bulb

Main/2 Pans Normal Bulb

Main/2 Pans Second Fill Bulb

Receiver/None Open Shop

Main/2 Flat Fill only Shop

Recelver/None Open Shop

Main/2 Flat Normal Shop

Main/2 Flat Reverse Shop

Main/2 Flat Normal Shop

Maln/2 Flat Normal/Slosh Shop

Receiver/None Baffle Shop

i00 mesh filtered liquid

Liquid caused coring

Some gel through i00 mesh

Cored; 1.6-in. residual

Satisfactory fill

Cored, 1.6-in. residual

Cored, excessive residual

Cored, 5% expelled

Cored, excessive residual

Cored, less residual

Cored, 0.6-in. residual

Table 12
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TABLE 13

LIST OF MOTION PICTURE SCENES OF NEAT AND GELLED WATER SLOSH TESTS

Percent Frequency,

Fluid* Full cps Mode

NW 0.3 1.2 & D I

NW 0.7 1.5 i

NW 0.7 3.0 2

PG 0.7 2.6 & D i

PG 0.7 3.4 & D 2

PG 0.7 4.2 3

PG 0.7 ......

OG O. 7 1.9 i

OG 0.7 2.7 2

OG 0.7 1.9 & D i

OG 0.7 2.7 & D 2

NW 0.7 1.5 & 3.0 i & 2

NW 0.5 l&2

PG 0.5 2.2 & D i

PG 0.5 3.1 & D 2

OG 0.5 1.8 & D i

PG

OG

Comments

Introduction; slow H20 decay

Flat surface

Out-of-place hump & dip

Edges lag center slightly

Show twice, top view

Modes i, 2, & 3 side view

Show twice, top view

With decay; then side view

Sawdust on water

Sawdust on water

Show twice; top views

Side views

Top and side views

Liquid-head drain

Liquid-head drain

*Fluid: NW = neat water; PG = particulate gel, 5.2% Santocel Z;

OG = organic gel, 0.27% Carbopol 940.

Table 13
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P , max (psia)
C

APin j , rain/max (psi)

AP lines etc., max (psi)

TABLE 18

SPACE PROBE PROPULSION SYSTEM SUMMARY

ONE ENGINE DESIGN

Conventional HIPERTHIN

Injector In_ector
Neat Gel* Neat

i00 i00 i00 i00

60 I00 60 60

50 75 50 75

210 273 210 235

THREE ENGINE DESIGN

Conventional HIPERTHIN

In_ector In_ector

Gel* Nea_____t Gel* Nea___t _Gel*

112 i12 112 112

76 126 66 64

63 84 63 84

251 322 241 260

W-TCA (ib) 197 207 192 195 210 220 205 208

W-Prop. tankage (ib) 460 528 460 515 475 547 471 523

W-Press. syst (ib) 549 711 549 609 656 834 630 673

W-Structure, etc. (ib) 510 510 520 530 450 450 460 470

W-Propellant (ib) 13000 13000 13000 13000 13000 13000 13000 13000

W-Stage (ib) 14716 14956 14721 14849 14791 15051 14766 14874

W-Prop. used (ib)

A, mass fraction

I (sec)
SV

AV (ft/sec)

W-Lift off (Ib)

W-Payload (ib)

A Payload (%)

12870 12805 12870 12805 12870 12805 12870 12805

0.8746 0.8562 0.8743 0.8623 0.8701 0.8508 0.8716 0.8609

343.5 339.9 352.2 347.7 341.1 337.5 350.0 345.3

7500 7500 7500 7500 7500 7500 7500 7500

26138 25779 26562 26200 25976 25662 26460 26088

11422 10823 11841 11351 11185 10611 11694 11214

0.00 -5.24 +3.67 -0.62 -2.07 -7.10 +2.38 -1.82

.i

I
I
I

OF 2 Gelled with Minimum CIF5**

I (sec)
SV

342.3 350.7 339.9 348.4

W-Lift off (ib) 25911 26370 25779 26255

W-Payload (ib) 10955 11521 10728 11381

A Payload (%) -4.09 +0.87 -6.08 -0.36

,GOF2-E2/GMMB-SI , (0.9084 OF 2 + 0.0916 CIF5)/(0.99 MMB + 0.01 Colloid 8010)

**GOF2-E3/GMMH-SI , (0.9695 OF 2 + 0.0305 CIF5)/(0.99 MMH + 0.01 Colloid 8010)
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TABLE 19

GELLED PROPELLANT SYSTEM ADVANTAGES AND DISADVANTAGES

ADVANTAGES

i. Deep valve throttling (HIPERTHIN)

2. Reduced sloshing

3. Weightlessness position control

4. Reduced thrust/pressure overshoot

5. Reduced spillage hazard

6. May reduce fuel leakage

DISADVANTAGES

i. Boil-off not allowed (cryogenic)

2. Lower specific impulse

3. More residual propellant

4. Higher pressure drop/larger lines

5. Higher temperature gradients

6. Longer L* chamber

7. Active flow control

8. May complicate bleed-in and fuel

cleaning

Table 19
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Organic Gel, Two Pie-Pans, Reverse Expulsion
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Particulate Gel, Flat Screens, Normal Expulsion

Figure 44
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Appendix A

INTRODUCTION

The purpose of this glossary is to introduce uniformity to the

nomenclature used by the propellant industry in the description of non-

Newtonian propellants. Today, professional rheologlsts still do not agree

on a set of uniform definitions, and consequently, there exists a diversity

of terms which describe the same phenomena. Likewise, it is not uncommon to

find a single term generally used to describe more than one phenomenon.

To promote uniformity for the purpose of effecting better communi-

cation, the Gel Test Methods Sub-Committee of the ICRPG Working Group on

Liquid Propellant Test Methods has assembled the following glossary of

rheological terms and recommends its use by the propellant industry.

At the time of the preparation of this glossary (December 1964), the

subcommittee consisted of the following members:

Mr. J. Bost (Chairman)--Aerojet General Corp.

Mr. A. Beerbower--Esso Research

Dr. C. Grelecki--Thiokol Chemical Corporation

Dr. D. McKinney--Technidyne

Dr. A. Tarsey--Rocketdyne

Page I



Appendix A

GLOSSARY OF RHEOLOGICAL TERMS

A. CLASSIFICATION OF FLUIDS

Class I. Newtonian Fluid

A Newtonian fluid is one that exhibits a direct proportionality

between shear stress and shear rate in the region of laminar flow. The shear

rate is independent of the time of application of shear stress.

Class II. Non-Newtonlan Shear-Thinning Fluid

A non-Newtonian shear-thinning fluid is one in which the shear stress

is not directly proportional to the shear rate and in which the shear stress-shear

rate ratio decreases as the shear stress increases.

Type a. Plastic Fluid

A plastic fluid is a Class II fluid that exhibits a change in shear

rate directly proportional to the change in shear stress above the yield stress.

Type b. Pseudoplastic Fluid

A pseudoplastic fluid is a Class II fluid that exhibits a shear

stress-shear rate ratio that is independent of the duration of application of

shear stress.

Type c. Thixotropic Fluid

A thixotropic fluid is a Class II fluid that exhibits time-dependent,

reversible changes of the shear stress-shear rate ratio. The ratio decreases

asymptotically with duration of shear.
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Class III. Non-Newtonian Shear-Thickening Fluid

-[

A non-Newtonian shear-thickening fluid is one in which the shear

stress J_s, not dlrectly?proportisnal:_=o th_ shear rate and:in which the

shear stress-shear rate ratio inc_eas_S_aSit_e _she_r_Stress 'increases,

Type a. Dilatant Fluid

,,:, :A ::diletant: :fl_id:isi::a Cla§s_ lll_fluid that exhibits a shear stress-

shear: rate i_rati<_ that _::is indepe_den_ _ O_:]rh:e,_d_ration of application of shear

stress. _:_ _ : : : _:i_ _:_y_:_-_ _;:_L_ _;:_ :

Type b. Rheopectic Fluid

Z:!•

A rheopectic fluid is a Class III fluid that exhibits time-dependent,

reversible!changes of th_Yshear_stres_-sh_'rate ratio. The ratio increases

asymptotically with duratio_of _e_._.:.:P_:_:_'_:q _!-.

. .]:L :):i) :t3e_:_i:).t,-5 . iS_#_'-' ,_fi_:. - [ "

:_ :7':' _:._ :_:,.._ :? ."D .L ::-_

?::[ :] _' i



Appendix A

B. LIST OF DEFINITIONS

I. Yield Stress

The yield stress is the maximum shear stress that can be

applied without causing permanent deformation.

II. Viscosity

The viscosity is the ratio of shear stress to shear rate.

For non-Newtonian fluids, it is preferable to report shear stress and shear

rate. If the viscosity of such a fluid is reported, the shear rate must be

specified.

III. Apparent Viscosity

The apparent viscosity of a non-Newtonian fluid is the

viscosity of a Newtonian fluid that produces the same reading in the same

apparatus under identical conditions.

IV. Gel

A gel is a liquid containing a colloidal structural network

that forms a continuous matrix and completely encloses the liquid phase. A

gel deforms elastically upon application of shear forces less than the yield

stress; at shear forces above the yield stress, the flow properties are

principally determined by the gel matrix.

V. Emulsion

An emulsion is a two-phase liquid system in which small

droplets of one liquid (the internal phase) are immiscible in and are dispersed

uniformly throughout a second, continuous, liquid phase (the external phase).
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Liquid Propellant Group (u), Liquid Propellant Information Agency, Miami,

Florida, November 1961, Contract NOrd 7386, CONFIDENTIAL. (1-8082)

Bulletin of the 7th Liquid Propulsion Symposium (u_, CPIA Publication

No. 72, Chemical Propulsion Information Agency, August 1965, Contract

NOw 62-0604c, CONFIDENTIAL. (5C6936)

Bulletin of the 6th Liquid Propulsion Symposium (u), CPIA Publication

No. 56, Chemical Propulsion Information Agency, October 1964, Contract

NOw 62-0604c, CONFIDENTIAL. (5C0930)

Advanced Earth Storable Liquid Propellants (u_, Tannenbaum, S., Report

RMD 5036-Q-4, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, June 1964, Contract NOw 63-0740-C, CONFIDENTIAL.

(4C8832)

Bulletin of the 20th Meeting of the Interagency Chemical Rocket Propulsion

Group (u_, CPIA Publication 52, Working Group on Analytical Chemistry,

Chemical Propulsion Information Agency, 2-4 June 1964, Contract NOw 62-0604-C,

CONFIDENTIAL. (4C8632)

Basic Chemical Research for Advanced Storable Liquid Propellant Systems (u),

Report T-4335B, Volume II, Texaco Research Center, Beacon, New York, April

1964, Contract AF 04(611)-6083, CONFIDENTIAL. (4C6080)
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Bulletin of the 5th Liquid Propulsion Symposium, CPIA Publication,

Chemical Propulsion Information Agency, 13-15 November 1963, Contract

NOw 62-0606C, CONFIDENTIAL. (4C1861)

Basic Chemical Research for Advanced Storable Liquid Propellant Systems

(u), Report T-3758, Texaco Research Center, Beacon, New York, 30 June

1963, Contract AF 04(611)-6083, CONFIDENTIAL. (3C8418)

Combustion Characteristics of Light-Metal-Based Fuels (u), Final Report

AFRPL-TDR-65-92, Aerojet-General Corporation, Azusa, California, June

1965, Contract AF 04(611)-9881, CONFIDENTIAL. (5C5304)

Clam System Fuel Performance Study (u), Report RTD-TDR-63-4105, Atlantic

Research Corporation, Alexandria, Virginia, June 1965, Contract AF 33(657)-

12298) CONFIDENTIAL. (5C7535)

Combustion Characteristics of Liquid Metal Based Fuels, Faser, R. J.,

et al., Report 0857-01-2, Aerojet-General Corporation, Azusa, California,

November 1964, Contract AF 04(611)-9881, CONFIDENTIAL. (5C0104)

Combustion Characteristics of Light-Metal-Based Fuels (u), Faser, R. J.,

et al., Report 290, Aerojet-General Corporation, Azusa, California,

August 1964, Contract AF 04(611)-9881, CONFIDENTIAL. (4C8583)

Combustion of Neat and Gelled Hydrazine Droplets in N20 _ Vapor, Technical

Paper i, Liquid Rocket Operations, Aerojet-General Corporation, Sacramento,

California, May 1964. (4U5271)

Chemical Fireball Munition Concept_ Phase II (u), Baddorf, P. E.,

Report ATL-TR-65-65, Technodyne_ Inc., West Chester, Pennsylvania,

October 1964, Contract AF 08(634)-3554, CONFIDENTIAL. (6C2459)
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Determine Feasibility of Modifying Certain Physico-Chemical Parameters

of Liquid Propellants (u), Quarterly Technical Summary Report No. 2,

Technidyne, Inc., 1 October through 31 December 1963, Contract DA-36-

034-AMC-OI53Z, CONFIDENTIAL. (4C2245)

Design Criteria for Advanced Propellant Systems - Prenaration and

Characterization of Gelled Propellants (u), Garmon, R. C., et al.,

Report IRTD-TDR-63-1062, Texaco Experiment, Inc., i0 June 1963,

Contract AF 04(611)-8399, CONFIDENTIAL. (3C7337)

Design Criteria for Advanced Propellant System (u), Proposal LR62067,

Aerojet-General Corporation, Sacramento, California, 8 March 1962,

IR&D, CONFIDENTIAL. (2C2457)

Development and Demonstration of Main Tank Iniection (MTI) Pressurization

System (u), Final Report RTD-TDR-63-1123, The Martin Company, Denver,

Colorado, December 1963, Contract AF 04(611)-8198. (4U1461)

Definition Study For a Small Mobile, Liquid-Propelled Ballistic Missile

(u), Proposal LR650914, Aerojet-General Corporation, Sacramento,

California, June 1965, Contract AF 04(694)-739 (Supplement), CONFIDENTIAL.

(5C4956)

Definition Study for a Mobile Liquid Propelled Ballistic Missile (u),

Beighley, C. M., Report 9620-65-004, Aerojet-General Corporation,

Sacramento, California, 19 August 1965, Contract AF 04(694)-739,

CONFIDENTIAL. (5C6274)

Determine Feasibility of Certain Physico-Chemical Parameters of Liquid

Propellants (u), QTS Report No. 5, Technidyne, Inc., West Chester,

Pennsylvania, September, 1964, Contract DA-36-O34-AMC-01532, CONFIDENTIAL.

(4C9768)
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Development of High-Energy Metallized Propellants (u), Report No. 8,

Research and Technology Operations, Aerojet-General Corporation,

Sacramento, California, 31 December 1965, Contract AF 04(611)-10783,

CONFIDENTIAL. (6CI010)

Development of LMH-i/Hydrazine Heterogeneous Propellant (u), Proposal

LR661019, Aerojet-General Corporation, Sacramento, California,

7 January 1966, CONFIDENTIAL. (6C1011)

Development of a Stable Beane-MonomethyI-Hydrazine Fuel (u), Proposal

CSP-65037, Aerojet-General Corporation, Azusa, California, November 1965,

CONFIDENTIAL. (6C1556)

Development of High-Energy Metallized Propellants (u), Report-10783-Q-3,

(Report AFRPL-TR-66-47), Aerojet-General Corporation, 31 January 1966,

Contract AF 04(611)-10783, CONFIDENTIAL. (6C1955)

Development of High-Energy Metallized Propellants (u), Fish, W. R.,

et al., Report I0783-Q-2, (Report AF RPL-TR-65-246), Aerojet-General

Corporation, Sacramento, California, October, 1965, Contract AF 04(611)-

10783, CONFIDENTIAL. (6C1220)

Development of Modified Beryllizine Formulation (u), Rosenberg, S. D.,

et al., Special Report No. 2, Aerojet-General Corporation, Azusa,

California, November 1965, Contract DA-04-495-AMC-255(2), CONFIDENTIAL.

(6C1219)

Design, Fabrication_ and Delivery of Water-Cooled Thrust Chamber Assembliec,

Report 10331-Final, Aerojet-General Corporation, Sacramento, California,

18 December 1964, Contract AF 04(611)-10331. (5U0846)

Determine Feasibility of Modifying Certain Physico-Chemical Parameters of

Liquid Propellants (u), Colley, W. E., et al., Final Report 65-26, Technidyne,

West Chester, Pennsylvania, April 1965, Contract DA-36-034-AMC-01532,

CONFIDENTIAL. (5C4296)
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Development of High-Energy Metallized Propellants (u), Report I0783-Q-I,

u.s. Air Force Rocket Propulsion Laboratory (Written by Aerojet-General),

30 September 1965, Contract AF 04(611)-10783, CONFIDENTIAL. (5C7281)

Design Criteria for Advanced Propellant Systems (u), Tunkel, S. J.,

et al., Report AFRPL TDR-64-152, Air Force Rocket Propulsion Laboratory,

September 1964, Contract AF 04(611)-8400, CONFIDENTIAL. (5C1484)

Determine Feasibility of Modifying Certain Physico-Chemical Parameters

of Liquid Propellants (u), QTS Report No. 3, Technidyne, Inc., West

Chester, Pennsylvania, March 1964, Contract DA-36-034-AMC-01532,

CONFIDENTIAL. (4C5078)

Determine Feasibility of Modifying Certain Physico-Chemical Parameters

of Liquid Propellants (u), QTS Report No. 4, Technidyne, Inc., June

1964, Contract DA-36-034-AMC-01532, CONFIDENTIAL. (4C7485)

Design Proposal for AADS-70's Propulsion System Contract, (u),

Aerojet-General Corporation, Sacramento, California (Addendum),

August 12, 1963, CONFIDENTIAL. (5C7133)

Determine Feasibility of Modifying Certain Physico-Chemical Parameters

of Liquid Propellants (u), QTS Report i, Technidyne, September 1963,

Contract DA-36-034-AMC-OI53 Z, CONFIDENTIAL (4C0706)

Design Criteria for Advanced Propellant Systems, Garmon, R. C., et.al_______.,

TM 1414, Texaco Experiment, Inc., Richmond, Virginia, Report TM 1414,

March 1963, Contract AF 04(611)-8399. CONFIDENTIAL (3C5850)

Design Criteria for Advanced Propellant Systems (u), Tunkel, S. J.,

et.al., Report RMD 5013-Q-], Reaction Motors Division, Thiokol Chemical

Corporation, Danville, New Jersey, December 1962, Contract AF 04(611)-

8400, CONFIDENTIAL. (3C4305)
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Design Criteria for Advanced Propellant Systems (u), Garmon, R. C.,

et.al., TM-1390, Texaco Experiment, Inc., Richmond, Virginia, November

1962, Contract AF 04(611)-8399, CONFIDENTIAL. (3C1482)

Design Criteria for Advanced Propellant Systems (u), Tunkel, S. J.,

Report RMD 5013-Q-I, Reaction Motors Division, Thiokol Chemical

Corporation, September 1962, Contract AF 04(611)-8400, CONFIDENTIAL.

(3C0648).

Design Criteria for Advanced Propellant Systems (u), Garmon, R. C.,

Report SSD-TDR-62-123, Texaco Experiment, Inc., Richmond, Virginia,

Contract AF 04(611)-8399, CONFIDENTIAL. (3C0540)

Design Criteria for Advanced Propellant Systems (u), Tunkel, S. J.,

Report RMD 5013-Q-3, Reaction Motors Division, Thiokol Chemical

Corporation, Danville, New Jersey, Contract AF 04(611)-8400, CONFIDENTIAL.

(3C5453)

Evaluation of High-Energy Materials As Liquid Propellants (u_,

Rosenberg, S.D., Barber, H., et al., Report 0801-01-3, Aerojet-General

Corporation, Azusa, California, April 1964, Contract DA-04-495-AMC-

255 (Z), CONFIDENTIAL. (4C5069)

Evaluation of High-Energy Materials As Liquid Propellants (u),

Rosenberg, S.D., Barber, H., et.al______.,Report 0801-01-4, Aerojet-General

Corporation, Azusa, California, July 1964, Contract DA-04-495-AMC-255

(Z), CONFIDENTIAL. (4C7234)

Experiment Evaluation of Advanced Liquid Propellants, Semi-Annual Report

No. 5 (u), Report AFRPL-TR-65-139, Rocket Propulsion Laboratory, Edwards

Air Force Base, July 1965, CONFIDENTIAL. (6C0136)
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An Experimental Investigation of the Viscous Dampening of Liquid

Sloshing in Spherical Tanks (u), Summer, I. E., and Stofan, A. J.,

Report NASA TN D-1991, NASA Lewis Research Center, December 1963.

(4U0969)

Extended Apollo Systems Utilization Study (u), Final Report LR650200,

Beighley, C. M., et al_, Aerojet-General Corporation, Sacramento,

California, i July 1965, Contract NAS 9-3140, CONFIDENTIAL. (5C5230).

Evaluation of LMH-2 (u), Proposal LR651538, Aerojet-General Corporation,

Sacramento, California, 2 June 1965, CONFIDENTIAL. (5C4620)

Evaluation of High-Energy Materials as a Liquid Propellant (u),

Rosenberg, S. D., Report 0801-02-8, Aerojet-General Corporation, Azusa,

California, July 1965, Contract DA-04-495-AMC-255(2), CONFIDENTIAL.

(5C5618)

Evaluation of High-Energy Materials as Liquid Propellants (u),

Rosenberg, S.D., Report 0801-02-10, Aerojet-General Corporation, Azusa,

California, January 1966, Contract DA-04-495-AMC-255(2), CONFIDENTIAL.

(6C1221)

Effect of Solid Particles on Combustion Instability in Liquid Rockets

(u), Proposal LR651547, Aer0jet-General Corporation, Sacramento,

California, 20 September 1965.

Evaluation of High-Energy Materials as Liquid Propellants (u),

Rosenberg, S. D., et al., Report 0801-02-7, Aerojet-General Corporation,

Azusa, California, April 1965, Contract DA-04-495-AMC-255(2), CONFIDENTIAL.

(5C3743)

Exploration Study in Formulating Stable Liquid Hydrogen Gels (u),

Proposal LR63542, Aerojet-General Corporation, Sacramento, California,

15 April 1963, CONFIDENTIAL. (5C5001)
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El2. An Experimental Investigation of the Flow of Alumlzlne-43G in Rocket

Systems, Proposal LR651510RS, Aerojet-General Corporation, Sacramento,

California, 2 April 1965. (3U3252)

El3. Experimental Evaluation of Advanced Liquid Propellants, Semiannual

Report No. 4 (u), Report AFRPL-TR-64-184, Air Force Rocket Propulsion

Laboratory, Edwards Air Force Base, California, December 1964,

CONFIDENTIAL. (5C3438)

El4. Exploratory Propellant Research (u), Summers, William H. Report AFRPL-

TR-65-I17, Air Force Rocket Propulsion Laboratory, Edwards Air Force

Base, California, June 1965, CONFIDENTIAL. (5C7540).

El5. Evaluation of High-Energy Materials as Liquid Propellants (u), Report

0801-01-2, Aerojet-General Corporation, Azusa, California, January 1964,

Contract DA-24-495-AMC 255(z), CONFIDENTIAL. (4C1811)

El6. Exploratory Study in Formulating Liquid Oxygen Difluozide Gels, Proposal

LR63453A, Aerojet-General Corporation, Sacramento, California, 9 August

1963, CONFIDENTIAL. (3C7005)

El7. Exploratory Study in Formulating Stable Liquid Oxygen Difluozide Gels (u),

Proposal LR63453, Aerojet-General Corporation, Sacramento, California,

15 April 1963, CONFIDENTIAL. (3C3907)

El8. Experimental Evaluation of Advanced Propellants (u), Norton, H. W.,

et al., Report SSD-TDR 62-187, Space Systems Division, Edwards Air Force

Base, California, November 1962, CONFIDENTIAL. (3C1864)

El9. Exploratory Propellant Research Semi-Annual Report No. 14 (u), Report

AFRPL-TR-65-9, Air Force Rocket Propulsion Laboratory, Edwards Air Force

Base, California, January 1965, CONFIDENTIAL. (5C3162)
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Evaluation of Hi_h-Energy Materials as Liquid Propellants (u), Report

0801-01-9, Aerojet-General Corporation, Azusa, California, October 1965,

Contract DA-O4-495-AMC 255(Z). CONFIDENTIAL. (5C7876)

Evaluation of High-Energy Materials as Liquid Propellants (u), Report

0801-01-6, Aerojet-General Corporation, Azusa, California, January 1965,

CONFIDENTIAL. (5C1469)

Exploratory Propellant Research (u), Report AFRPL-TDR-64-86, Air Force

Rocket Propulsion Laboratories, Edwards Air Force Base, California,

April 1964, CONFIDENTIAL. (4C8582)

Experimental Evaluation of Advanced Propellants, Progress Summary No. 3

(u), Report RPL-TDR-64-62, Air Force Rocket Propulsion Laboratory,

Edwards Air Force Base, California, May 1964, CONFIDENTIAL. (4C7754)

Exploratory Propellant Research_ Semi-Annual Progress Report No. 2 (u),

Report RPL-TDR-64-2, Air Force Rocket Propulsion Laboratory, Edwards

Air Force Base, California, March 1964, CONFIDENTIAL. (4C5650)

Evaluation of High-Energy Materials as Liquid Propellants (u),

Rosenberg, S. D., Report 0801-01-5, Harber, H., et al., Aerojet-General

Corporation, Azusa, California, October 1964, Contract DA-04-495-AMC-

255(z), CON_IDENTIAL. (4C9614)

Feasibility of a Tripropellant Feed System (u), Report 9571-Q-I, Aerojet-

General Corporation, Sacramento, California, 1 December through 29 February

1964, Contract AF 04(611)-9571, CONFIDENTIAL. (4C4070)

Feasibility of Gel-Solid Propellant Motors, 0uarterly Progress Report

No. 1 (u_, Atlantic Research Corporation, 1 December 1961 through

28 February 1962, Contract AF 04(611)-7555, CONFIDENTIAL. (24484)
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Formulation and Evaluation of Liquid Propellant Dispersions (u),

Technical Report No. i, SRI-64-1823, Stanford Research Institute,

Menlo Park, California, 7 July 1964, Contract AF 04(611)-9880,

CONFIDENTIAL. (4C7241)

The Formulation of High-Energy Storable Propellants (u>, Tannenbaum, S.,

et al., Report RMD-5061-Q-2, Reaction Motors Division, Thiokol Corporation,

Denville, New Jersey, June 1964, Contract NOw 65-0430c, CONFIDENTIAL.

(5C5621)

Formulation and Evaluation of Liquid Propellant Dispersions (u),

Capener, E. L., et al., Technical Report No. 5, Stanford Research

Institute, Menlo Park, California, 31 August 1965, Contract AF 04(611)-

9880, CONFIDENTIAL. (65C1869)

The Formulation of New High-Energy Storable Propellants (u),

Tannenbaum, S. et al., Report RMD 5061-Q-3, Reaction Motors Division,

Thiokol Chemical Corporation, Denville, New Jersey, September 1965,

Contract NOw 65-0430-c, CONFIDENTIAL. (5C8218)

The Formulation of New High-Energy Storable Propellants (u),

Tannenbaum, S., et al., Report RMD 5061-Q-I, Reaction Motors Division,

Thiokol Chemical Corporation, Denville, New Jersey, March 1965, Contract

NOw 65-0430-c, CONFIDENTIAL. (5C3646)

Formulation and Evaluation of Liquid Propellant Dispersions (u),

Dickinson, L. A., et al., SRI-65-2111, Technical Report No. 4, 28 July

1965, Contract AF 04(611)-9880, CONFIDENTIAL. (5C6852)

Formulation and Evaluation of Liquid Propellant Dispersions (u),

Dickinson, L. A., et al., Annual Summary Report AFRPL-TR-65-94, 16 July

1965, Contract AF 04(611)-9880, CONFIDENTIAL. (5C6851)
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Flow on Thixotropic Fluids, Space General Corporation, Final Report,

28 February 1963, (4U1639)

Feasibility of a Tripropellant Feed System, Beighley, C. M., et al.,

Report M-9, Aerojet-General Corporation, Sacramento, California,

9 September 1964, Contract AF 04(611)-9571. (4U8259)

Feasibility of a Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-3, Aerojet-General Corporation, Sacramento, California, 5 March

1964, Contract AF 04(611)-95711, CONFIDENTIAL. (4C3381)

Feasibility of a Tripropel!ant Feed System (u), Beighley, C. M., et al.,

Report M-5, Aerojet-General Corporation, Sacramento, California, 5 May 1964,

Contract AF 04(611)-9571, CONFIDENTIAL. (4C5070)

Feasibility of Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-4, Aerojet-General Corporation, Sacramento, California, 8 April

1964, Contract AF 04(611)-9571, CONFIDENTIAL. (4C4673)

Feasibility of Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-6, Aerojet-General Corporation, Sacramento, California, 5 June

1964, Contract AF 04(611)-9571, CONFIDENTIAL (4C6116)

Feasibility of Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-I, Aerojet-General Corporation, Sacramento, California,

9 January 1964, Contract AF 04(611)-9571, CONFIDENTIAL. (6C0189)

Feasibility of a Tripropellant Feed System _u), Beighley, C. M.,

Report AFRPL-TR-65-29, Aerojet-General Corporation, Sacramento,

California, March 1965, CONFIDENTIAL. (5C2768)
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Formulation and Evaluation of Liquid Propellant Dispersions (u),

Dickinson, L. A., Report TPR No. 3, Stanford Research Institute,

Menlo Park, California, December 1964, Contract AF 04(611)-9880,

CONFIDENTIAL. (5C1443)

Formulation and Evaluation of Liquid Propellant Dispersions (u),

Dickinson, L. A., Report TPR-2, Stanford Research Institute, Menlo Park,

California, September 1964, CONFIDENTIAL. (5C0324)

Feasibility of Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-10, Aerojet-General Corporation, Sacramento, California,

6 October 1964, Contract AF 04(611)-9571. (4U9006)

Feasibility of Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-f1, Aerojet-General Corporation, Sacramento, California,

November 1964, Contract AF 04(611)-9571. (4U9629)

Feasibility of a Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-2, Aerojet-General Corporation, Sacramento, California,

7 February 1964, Contract AF 04(611)-9571. (4U2626)

Feasibility of a Tripropellant Feed System (u), Beighley, C. M., et al.,

Report 9571-Q-2, Aerojet-General Corporation, Sacramento, California,

June 1964, Contract AF 04(611)-9571, CONFIDENTIAL. (4C6783)

Feasibility of a Tripropellant Feed System (u), Beighley, C. M., et al.,

Report M-7, Aerojet-General Corporation, Sacramento, California, i0 July

1964, Contract AF 04(611)-9571, CONFIDENTIAL. (4C7259)

Feasibility of a Tripropellant Feed System (u), Klacking, J. M., et al.,

Proposal LR63994, Aerojet-General Corporation, Sacramento, California,

6 September 1963, CONFIDENTIAL.
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Gelled High-Energy Oxidizers (u), Dale, W., Report MRI33008Q-2, Monsanto

Research Corporation, Everett, Massachusetts, 19 August 1963, Contract

N600(19)59719_ CONFIDENTIAL. (3C7569)

Gelled Metallized Propellant Demonstration Program (u>, Aerojet-General

Corporation, Report 9660-15, Sacramento, California, 5 July 1962, IR&D,

CONFIDENTIAL. (2C6527)

Gelling of Liquid Hydrogen, Technidyne, Inc., West Chester, Pennsylvania,

Contract NAS 3-4186.

Monthly Progress Report No. 8, June 1965.

Quarterly Progress Report No. 4, July 1965.

Monthly Progress Report No. 9, August 1965.

Monthly Progress Report No. i0, September 1965.

Quarterly Progress Report No. 5, October 1965.

Monthly Progress Report No. ii, November 1965.

Monthly Progress Report No. 12, December 1965.

Monthly Progress Report No. 13, December 1965.

Gelling of Cryogenic Oxidizers, Reaction Motors Division, Thiokol Chemical

Corporation, Denville, New Jersey, Contract NAS 3-6286.

Report RMD 5070-Q-I, August 1965.

Report RMD 5070-Q-2, November 1965.

Report RMD 5070-ML-5, December 1965.

Report RMD 5070-Q-6, January 1966.

Report RMD 5070-Q-3, February 1966.

Report RMD 5070-ML-7, March 1966.

Report RMD 5070-Q-8, April 1966.

Gelling of Liquid Hydrogen (u), Kartluke, Herbert, Final Report NASA

CR-54055, Technidyne, Inc. West Chester, Pennsylvania, 31 July 1964,

Contract NAS3-2568.
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Gelling of Liquid Oxygen Difluoride (u), Beardell, A. J., Report

RMD 5039-F, (NASA CR-54220), Reaction Motors Division, Thiokol Chemical

Corporation, Denville, New Jersey, December 1965, Contract NAS 3-4180.

(6U0881)

Gellation of Amine Rocket Fuels With Cellulose Esters (u), Burdett, G. W.,

et al., NAVWEPS Report 8433, (NOTS TP 3384), United States Naval Ordnance

Test Station, China Lake, California, September 1964, CONFIDENTIAL.

(4C9125)

Gelled High-Energy Oxidizers (u), Final Report MRB 3008F, Monsanto

Research Corporation, Everett, Massachusetts, March 1964, Contract

N600(19)59719, CONFIDENTIAL. (4C4657)

Gelled Monopropellant for Gas Generator Application (u), Walsh, M. E.,

et al., Report TR 3166, United States Army Munitions Command, April 1964,

CONFIDENTIAL. (4C6075)

Gelled High-Energy Oxidizers (u), Dale, J. W., et al., Report MRB 3008M3,

Monsanto Research Corporation, Everett, Massachusetts, November 1963,

Contract N600(19)59719, CONFIDENTIAL. (4CI071)

Gelled Propellant Safety Investigation (u), McCroskey, J. G., Report

RTD-TDR-63-1069, Rocket Propulsion Laboratory, Edwards Air Force Base,

California, July 1963. (3U1895)

Gelled High-Energy Oxidizers (u), Dale, J. W., Report MRB 3008QI,

Monsanto Research Corporation, Everett, Massachusetts, 25 May 1963,

Contract N600(19)59719, CONFIDENTIAL. (3U6631)

Gelled Metallized Propellant Demonstration Program (u), Special Report

LRP-296, Aerojet-General Corporation, Sacramento, California, December

1962, Contract AF 04(647)-652, CONFIDENTIAL. (3C3910)
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Gelled Liquid Oxygen, unpublished data from Wright, R. V., Laboratory

Notebook, Aerojet-General Corporation, Sacramento, California

High-Performance Metallized Liquid Propellants (u), Beighley, C. M.

et al., Aerojet-General Corporation, Sacramento, California, (1962),

CONFIDENTIAL. (2C8042)

High-Performance Packageable Liquid Propellants (u), Report RMD 2004-F,

Reaction Motors Division, Thiokol Chemical Corporation, Contract NOw-60-

0106-c, CONFIDENTIAL. (1-4202)

High-Energy Propellants from Nitrogen-Fluorine Compounds, II (u),

Report ARGMA TN 243N-2, Army Rocket and Guided Missile Agency, Redstone

Arsenal, Alabama, 6 September 1961, CONFIDENTIAL. (1-7683)

Heterogeneous Propellant Program (u), Tannenbaum, S., Report RMD 5025-Q-3,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New

Jersey, Contract NOw 63-0396c, CONFIDENTIAL. (4C4030)

Heterogeneous Propellant Program (u), Jatczak, H. A., Report RMD 6013-Q-I,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New

Jersey, Contract NOw 62-0800c, CONFIDENTIAL. (3C0791)

Heterogeneous Propellants for Underwater Propulsion (u), Tannenbaum, S.,

Report RMD 5051-Q-2, Reaction Motors Division, Thiokol Chemical

Corporation, Denville, New Jersey, October 1964, Contract NOw 64-0564-c,

CONFIDENTIAL. (5C4624)

Heat Transfer Evaluation Program for N?06/Alumizine-43 (u), Final Report,

Aerojet-General Corporation, Sacramento, California, 20 August 1965,

AEROJET OFFICIAL USE ONLY. (5P6649)

Page 21



H9

H9

HI0

HII

HI2

HI3

HI4

HI5

Appendix B

Heterogeneous Propellant for Underwater Propulsion (u), Tannenbaum, S.,

et al., Report RMD 5051-Q-I, Reaction Motors Division, Thiokol Chemical

Corporation, Denville, New Jersey, July 1964, Contract NOw 64-0564-6,

CONFIDENTIAL.

High-Energy Metallized Propellants (u), Proposal LR651503, Volume I,

Part I, Aerojet-General Corporation, Sacramento, California, 14 January

1965, CONFIDENTIAL. (5C1651)

High-Energy Metallized Propellants Health and Safety Program (u), Proposal

LR651503, Aerojet-General Corporation, Sacramento, California,

14 January 1965, CONFIDENTIAL. (5C1399)

High-Energy Metallized Propellants Program Plan (u), Proposal LR651503,

Volume I, Part III, Aerojet-General Corporation, Sacramento, California,

14 January 1965, CONFIDENTIAL. (5C1399)

Heterogeneous Propellant Program (u), Tannenbaum, S., Report RMD 5025-

Q-I, Reaction Motors Division, Thiokol Chemical Corporation, Denville,

New Jersey, March 1963, Contract NOw 63-0396-c, CONFIDENTIAL. (3C6634)

Heterogeneous Propellant Program (u), Tannenbaum, S., Report RMD 5025-

Q-2, Reaction Motors Division, Thiokol Chemical Corporation, Denville,

New Jersey, October 1962, Contract NOw 63-0396c, CONFIDENTIAL. (3C4306)

Heterogeneous Propellant Program (u), Jatczak, H. A., Report RMD 6013-F,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New

Jersey, December 1962, Contract NOw 62-0800, CONFIDENTIAL. (3C5454)

High Chamber Pressure Rocketry Program (u), Beichel, R., Report 8191-M-9,

Aerojet-General Corporation, Sacramento, California, 26 February 1963,

Contract AF 04(611)-8191, CONFIDENTIAL. (3C2288)
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High Energy Metalized Propellants (u), Aerojet-General Corp., Final

Report AFRPL-66-230, Contract AF 04(611)-10783, CONFIDENTIAL.

Final Report for Independent Research Proiect 52 (u), Fish W. R.,

Aerojet-General Corporation, Sacramento, California, 14 July 1964,

IR&D, AEROJET PRIVATE. (4P7235)

Independent Research and Development Program - Progress Report, January

through June, 1963, Report 9200-1-63, Aerojet-General Corporation,

Sacramento, California, July 1963, IR&D, AEROJET PRIVATE. (3C6628)

Independent R&D Program - Progress Report (u), Report R008, Aerojet-

General Corporation, 5 March 1962 to i April 1962, IR&D, CONFIDENTIAL.

(2-3503)

Investigation of Hydrides and Combustion (u), Rosenberg, S. D., et al.,

Report 0971-01-2, Aerojet-General Corporation, Azusa, California,

December 1965, Contract NOw 65-0660c, CONFIDENTIAL. (6CI013)

Investigation of a High-Energy Monopropellant (u), Report RRC-66-R-50(c),

Rocket Research Corporation, Seattle, Washington, December 1965,

Contract AF 04(611)-9713, CONFIDENTIAL. (6C1559)

Integral Radially Distributed Annular Combustor (u), Final Report

RMD 5004-F, RMD Division, Thiokol Chemical Corporation, Denville, New

Jersey, 15 December 1961 to 15 November 1962, Contract NOw 62-0333-c,

CONFIDENTIAL. (3C5514)

Investigation of Slurry Flame Agents (u), Grossman, J. and Hugger, C.,

Quarterly Progress Report No. 2, Atlantic Research Corporation,

December 1965, Contract DA-18-035-AMC-352(A), CONFIDENTIAL. (6C2457)
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Investigation of Combustion and Performance Efficiencies of Beane

Containing Bipropellant Systems (u), Rosenberg, S. D., e__!tal., Report

AFRPL-TR-65-250, Aerojet-General Corporation, Von Karman Center,

December 1965, CONFIDENTIAL. (6C0579)

Investigation of a High-Energy Monopropellant (u), Annual Summary Report

RRC R-65-R-31c (Report AFRPL-TR-65-18), Rocket Research Corporation,

Seattle, Washington, April 1965, Contract AF 04(611)-9713, CONFIDENTIAL.

(5C5976)

Investigation of a High-Energy Monopropellant Quarterly Progress Report

(u), Rocket Research Corporation, Seattle, Washington, June 1965,

Contract AF 04(611)-9713, CONFIDENTIAL. (5C6266)

Investigation of Hydrides and Combustion (u), Rosenberg, S. D., et al.,

Report 0971-01-2, Aerojet-General Corporation, Azusa, California,

December 1965, Contract NOw 65-0660c, CONFIDENTIAL. (6CI013)

Investigation of a High-Energy Monopropellant (u), Report RRC-66-R-50(c),

Rocket Research Corporation, Seattle, Washington, December 1965,

Contract AF 04(611)-9713, CONFIDENTIAL. (6C1559)

Improved Gelling Agents for Hydrazine, Proposal LR651536, Aerojet-

General Corporation, Sacramento, California, 2 June 1965. (5U4621)

Independent Research and Development Programs I Fiscal Year 1966, Special

Report 3100, Aerojet-General Corporation, E1 Monte, California, August

1965, IR&D. (6U0157)

Investigation of a Compressimetric Method for Measuring Directly the

Bubble Concentration in Metallized Propellants, Proposal LR651537,

Aerojet-General Corporation, Sacramento, California, 2 June 1965.

(5U4622)
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Investigation of Hydrides and Combustion (u), Rosenberg, S. D., et al.,

Final Report 2937, Aerojet-General Corporation, Azusa, California, June

1965, Contract NOw 64-0575C, CONFIDENTIAL. (5C6849)

Investigation of Combustion and Performance Efficlencies of Beane-

Containin_ Bipropellant Systems (u), Rosenberg, S. D. et al., Report

AFRPL-TR-65-181, Aerojet-General Corporation, September 1965, CONFIDENTIAL.

(5C7534)

118

I19

Investigation of a Hi_h-EnerKy Monopropellant <u), Rocket Research

Corporation, Seattle, Washington, September 1965, Contract AF 04(611)-

9713, CONFIDENTIAL. (5C7711)

Improved Titan Predevelopment Follow-on Program (u), Proposal LR650600A,

Aerojet-General Corporation, Sacramento, California, 25 February 1965,

CONFIDENTIAL. (5C2396)

120 Improved Titan Predevelopment (u), Final Report BSD-TR-65-455, Volume I,

Aerojet-General Corporation, Sacramento, California, February 1966,

Contract AF 04(694)-212, CONFIDENTIAL. ( )

(Additional volumes 137, 138 and 139)

121

122

123

Improved Titan Predevelopment (u_, Report 212/SA9-Q-5 and -6, Aerojet-

General Corporation, Sacramento, California, February 1965, Contract

AF 04(694)-212, CONFIDENTIAL. (5C2212)

Investigation of Hydrides and Combustion (u), Rosenberg, S. D., Report

0971-01-1, Aerojet-General Corporation, Azusa, California, August 1965,

Contract NOw 65-0660c, CONFIDENTIAL. (5C7878)

Investigation of Light-Metal Fuels, An (u), Proposal CH-64064a, Aerojet-

General Corporation, Azusa, California, October 1964, CONFIDENTIAL.

(5C1443)
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Improved Titan Predevelopment Follow-on Program (u), Proposal LR650600,

Aerojet-General Corporation, Sacramento, California, 30 December 1964,

CONFIDENTIAL. (5CI171)

Investigation of the Superhydrides of the Transition Metals (u),

Rosenberg, S. D., Annual Summary Report 2875, June 1964, Aerojet-General

Corporation, Azusa, California, Contract NOw 63-0529, CONFIDENTIAL.

(4C8743)

Investigation of the Superhydrides of the Transition Metals (u),

Lawrence, R. W., et al., Report 2779-01-2, Aerojet-General Corporation,

Sacramento, California, December 1963, Contract NOw 63-0529-c,

CONFIDENTIAL. (4C1208)

Investigation of the Superhydrides of the Transition Metals (u),

Lawrence, R. W., et al., Report 0779-01-1, Aerojet-General Corporation,

Azusa, California, September 1963, Contract NOw 63-0529-c, CONFIDENTIAL.

(3C8750)

Independent Research and Development Programs for Senior Research

Department 9220 (u), Report 036, Aerojet-General Corporation, Sacramento,

California, 9 April 1963, CONFIDENTIAL. (3C3947)

Investigation of the Use of Gelled Propellants (u), Proposal LR63111,

Aerojet-General Corporation, Sacramento, California, 15 February 1963,

CONFIDENTIAL. (3C2247)

Improved Titan Predevelopment (u), Report 212/SA 9-Q-4, Aerojet-General

Corporation, Sacramento, California, July 1964, Contract AF 04(694)-212

and SA 15, CONFIDENTIAL. (4C7533)
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Investigation of Superhydrides of the Transition Metals (u),

Thomas, N. W., e_t_tal., Report 0779-01-3, Aerojet-General Corporation,

March 1964, Contract NOw 63-0529c, CONFIDENTIAL. (4C4288)

Improved Titan Predevelo_ment, Report 212/SA9-Q-3, Aerojet-General

Corporation, Sacramento, California, 21 April 1964, Contract AF 04(694)-

211 SA9. (4C5694)

Investigation of Thixotropic Gelled Propellants, Report R/4D 6032-Q-3,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New

Jersey, March 1964, Contract AF 04(611)-9080, CONFIDENTIAL. (4C4031)

Investigation of Thixotropic Gelled Propellants (u), Fabbro, A., Report

RMD 6032-Q-2, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, Contract AF 04(611)-9080, CONFIDENTIAL. (4C1818)

Investigation of Thixotropic Gelled Propellants (u), Fabbro, A., Report

RMD 6032-Q-I, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, Contract AF 04(611)-9080, CONFIDENTIAL. (4C0317)

Improved Titan Predevelopment (u), Report 212/SA9-Q-2, Aerojet-General

Corporation, Sacramento, California, January 1964, Contract AF 04(694)-

212 and SA9, CONFIDENTIAL. (4C1931)

Improved Titan Predevelopment (u_, Final Report BSD-TR-65-455, Aerojet-

General Corporation, Sacramento, California, 25 February 1965,

(CONFIDENTIAL)

137 Volume II ( )

138 Volume III ( )

139 Volume IV ( )

(Volume I, see Ref 120)
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LI Liquid Propellant Research Evaluation_ Eighth Quarterly Report,

i October to 31 December 1963 (u), New York University, Bronx, New York,

February 1964, Contract NOw 62-0726-d, CONFIDENTIAL. (4C3361)

L2 Liquid Propellant Review (u), New York University, Bronx, New York,

1 January to 31 March 1962, Quarterly Progress Report No. i,

Contract NOw 62-0726-d, CONFIDENTIAL. (2-5427)

L3 Liquid Propellant Review (u), New York University, Bronx, New York, Second

Quarterly Progress Report, i April to 30 June 1962, Contract NOw 62-0726d,

CONFIDENTIAL. (28496)

L4 Liquid Propellant Review (u), New York University, Bronx, New York,

Third Quarterly Report, i July 1961 to 30 September 1961, Contract

NOw 61-0577-d, CONFIDENTIAL (2-5079)

L5 Liquid Propellant Program Annual Report No. i (u), Report ARGMA TR 2 H3R,

Army Rocket and Guided Missile Agency, Redstone Arsenal, Alabama,

i December 1961, CONFIDENTIAL. (2-1235)

L6 Liquid Propellant Review (u), New York University, Bronx, New York

i October to 31 December 1961, Contract NOw 61-0577-d, CONFIDENTIAL.

(2-2463)

L7 Liquid Propellant Review (u), New York University, Bronx, New York,

15 August 1960 to 14 November 1960, Contract NOw 61-0577-d, CONFIDENTIAL.

(1-3043)

L8 Liquid Propellant Research Evaluation (u), Winternitz, P. F., Report Q-13,

New York University, Bronx, New York, March 1965, Contract NOw 62-0726-d,

CONFIDENTIAL. (5C5619)
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Liquid Propellant Research Evaluation (u_, Winternitz, P. F., Final

Summary Report, New York University, Bronx, New York, September 1965,

Contract NOw 62-0726-d, CONFIDENTIAL. (6C1727)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., School of

Engineering and Science, Quarterly Progress Report 14, New York University,

Bronx, New York, June 1965, Contract NOw 62-0726-d, CONFIDENTIAL. (5C6850)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., School of

Engineering and Science, Quarterly Report 12, New York University, Bronx,

New York, December 1964, Contract NOw 62-0726-d, CONFIDENTIAL. (5C3256)

Liquid Propellant Research Evaluation (u_, Winternitz, P. F., School of

Engineering and Science, Quarterly Report ii, New York University, Bronx,

New York, 30 September 1964, Contract NOw 62-0726-d, CONFIDENTIAL.

(5C1225)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., College of

Engineering, New York University, Bronx, New York, Quarterly Progress

Report i0, June 1964, Contract NOw 62-0726-d, CONFIDENTIAL. (4C8261)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., College of

Engineering, Quarterly Progress Report 9, New York University, Bronx,

New York, March 1964, Contract NOw 62-0726-d, CONFIDENTIAL. (4C6073)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., Quarterly

Progress Report 5, New York University, Bronx, New York, March 1963,

Contract NOw 62-0726-d, CONFIDENTIAL. (4CI074)

Liquid Propellant Research Evaluation (u), Winternitz, P. F., Quarterly

Progress Report 7, New York University, Bronx, New York, September 1963,

Contract NOw 62-0726-d, CONFIDENTIAL. (4C1075)
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A Liquid Propellant Review, Winternitz, P. F., Final Report, New York

University, Bronx, New York, February 1963, Contract NOw 62-0726-d.

(3C5068)

Liquid Propellant Review, Winternitz, P. F., Quarterly Progress Report

No. 3, New York University, Bronx, New York, September 1962, Contract

NOw 62-0726-d. (3C1479)

Metallized Gelled Propellants Conference, 10-12 June 1963 (u_, CPIA

Publication No. 33, Edwards Air Force Base, California, December 1963,

NOw 62-0604C, CONFIDENTIAL. (4C3358)

Mixing, Transfer, and Flow Measurement of Metal-Loaded Gelled Hydrazine,

2 January 1966, Ballistic Systems Division. (6U1225)

Monopropellant Review No. 2, Eleventh Report (u_, Combined Quarterly

Reports 18 and 19 for periods May 1959 to August 1959 and August 1959 to

November 1959, New York University, Bronx, New York, Contract NOas-59-

6122-C, CONFIDENTIAL. (2-0090)

Multicomponent-Fuels Evaluation (u>, Sumner, T. L., Report 8645/SA2-F,

(Report AFRPL-TR-64-137), Aerojet-General Corporation, Sacramento,

California, December 1964, CONFIDENTIAL. (5C2288)

Multicomponent Fuels Evaluation (u_, Report 8645/SA2-M-4, Aerojet-

General Corporation, Sacramento, California, December 1963, Contract

AF 33(657)-86, CONFIDENTIAL. (5C8271)

Metallized Propellant Simulant Pumping (u), Chlaper, J. D., et al.,

Report AFRPL-TR-65-67, Air Force Rocket Propulsion Laboratory, Edwards

Air Force Base, California, April 1965, No Contract. (5U3924)
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Metallized Liquid Propellants (u_, Greenlee, J. E., A NASA Magnetic

Tape Search, February 1965, Aerojet-General Corporation, Sacramento,

California. (5U3080)

Metallized Propellant Combustion Study (u), Report TM-RPL-64-24, Air

Force Rocket Propulsion Laboratory, Edwards Air Force Base, California,

August 1964, CONFIDENTIAL. (5C3171)

Metal-Containing Liquid Fuels (u), A Report Bibliography, Defense

Documentation Center, Alexandria, Virginia, 18 March 1965, CONFIDENTIAL.

(5C1865)

Second Metallized Gelled Propellants Conference (u), CPIA Publication

No. 64, 26-28 August 1964, Chemical Propulsion Information Agency,

Contract NOw 62-0604c, CONFIDENTIAL. (5C0929)

Metallized Thixotropic Propellants (u>, Aitken, A. J., Final Report

652/SA-4-2, Aerojet-General Corporation, Sacramento, California, 26 June

1963, Contract AF 04(647)-652/SA4, CONFIDENTIAL. (3C6211)

Metallized Gel Flowmeter Evaluation Study, Interim Program No. 3, Wyle

Laboratories, Morco, California, May 1964. (3C6211)
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Propellants and Propulsion (u), Report NOTS TP 2906, Chapter 3, United

States Naval Ordnance Test Station, China Lake, California, 1961,

CONFIDENTIAL. (3C7059)

A Proposal to Air Force Flight Test Center for Space Environment Studies

(u), Proposal SD-62234, Aerojet-General Corporation, Azusa, California,

November 1962, CONFIDENTIAL. (2C9931)

Propulsion Development Department Review, Chapter 2, Propellants,

Materials, and Ignition (u), Report NOTS TP 3958, United States Naval

Ordnance Test Station, China Lake, September 1965 to November 1965,

CONFIDENTIAL. (6C1218)

Propulsion Development Department Review, Chapter I, Propellants,

Materials and Ignition (u), Report NOTS TP 3958, United States Naval

Ordnance Test Station, China Lake, California, September 1965 to

November 1965, CONFIDENTIAL. (6C1251)

Propellants Division Quarterly Progress, 2 January to 30 March 1962 (u),

Report 283, United States Naval Ordnance Test Station, China Lake,

California, NOTS TP 2935, June 1962, CONFIDENTIAL. (2C7348)

Propellants Division Quarterly Progress, 1 April to 3 June 1959 (u),

Report 232, NOTS TP 2271, United States Naval Ordnance Test Station,

China Lake, California, July 1959, CONFIDENTIAL. (24614)

Packaged Liquid Propellants (u_, Final Report, Thiokol Chemical

Corporation, Reaction Motors Division, 13 March 1961 to 31 December 1961,

Contract NOw 61-0695-C, CONFIDENTIAL. (2C8497)

Prepackaged Liquid Rocket Propulsion Systems and Related Applications (u),

Report 9667-2S, Aerojet-General Corporation, Sacramento, California,

9 March 1962, IR&D, CONFIDENTIAL. (2C7163)

Page 32

!

!

I
!

I

!

!

!

!

!

!

I
I
I

I
I
I

I



I

II.

I

I

I

I

I

I

I

I

I

i

I

I

I

I

I

!

I

P8

P9

PIO

PII

PI2

PI3

PI4

PI5

Pl5a

Appendix B

Propulsion Development Department Review, Chapter 2, Propellants,

Materials, and Ignition (u), Report NOTS-TP-3641, Chapter 2, United

States Naval Ordnance Test Station, China Lake, California, August 1964,

CONFIDENTIAL. (4C9441)

Packaged Liquid Propellants, Report RMD 2125-Q-I, Thiokol Chemical

Corporation, Reaction Motors Division, Contract NOw 61-0695-c,

CONFIDENTIAL. (1-7134)

Propellants Division Quarterly Progress, 3 April to June 1961 (u),

United States Naval Ordnance Test Station, China Lake, California,

Report 263, NOTS TP 2731, i0 July 1961, CONFIDENTIAL. (1-7343)

Packaged Liquid Propellants, Report 2125-Q-2, Thiokol Chemical

Corporation, Reaction Motors Division, 13 June 1961 to 12 September 1961,

Contract NOw-61-0695-c. (2-0099)

The Preparation of Gelled Propellants (u_, Proposal LR62225, Volume I,

Aerojet-General Corporation, Sacramento, California, 12 April 1962, B&P,

CONFIDENTIAL. (2-3128)

Packaged Liquid Propellants (u), Report RMD 2125-Q-3, Reaction Motors

Division, Thiokol Chemical Corporation, Contract NOw 61-0695-c,

CONFIDENTIAL. (2-1381)

Propellants Division Quarterly Progress (u), Report 273 (Report NOTS TP

2800) Naval Ordnance Test Station, China Lake, i0 October 1961,

CONFIDENTIAL. (2-5618)

Propellants Division Quarterly Progress, Report NOTS TP-2534, Naval

OrdnanceTest Station, China Lake. (1-4855)

Propellants Division Quarterly Progress, Report 272 (Report NOTS TP 2800)

Naval Ordnance Test Station, 3 July to 29 September 1961. (2-2122)

Page 33



PI6

PI7

PI8

PI9

P20

P21

P22

P23

Appendix B

Physico-Chemical Characterization of High-Energy Storable Propellants (u),

Silverman, J., Final Report 6147, Rocketdyne, Division of North American

Aviation, Inc., Canoga Park, California, May 1965, Contract AF 04(611)-

9380, CONFIDENTIAL. (5C6265)

Physico-Chemical Characterization of High-Energy Storable Propellants (u),

Silverman, J., Report 6218-1, Air Force Rocket Propulsion Laboratory,

July 1965, Contract AF 04(611)-19544, CONFIDENTIAL. (5C5492)

Product Engineering (u), Byron, R. A., Final Report 5652-4P, Rocketdyne,

Division of North American Aviation, Inc., Canoga Park, California, May

1965, Contract AF 04(694)-110, CONFIDENTIAL. (5C5635)

Preliminary High-Energy Upper Stage Information, Report 9231-63-14,

Aerojet-General, Corporation, Sacramento, California, 21 March 1963,

AEROJET PROPRIETARY. (6C0194)

Propulsion Development Department Review (u), Report NOTS TP-3840,

Chapter 2, United States Naval Ordnance Test Station, China Lake,

California, June 1965, CONFIDENTIAL. (5C5489)

Physico-Chemical Characterization of High-Energy Storable Propellants (u),

Silverman, J., et al., Report 6218-3, Division of North American Aviation,

Inc., Canoga Park, California, January 1966, Contract AF 04(611)-19544,

CONFIDENTIAL. (6C1228)

Product Engineering (u), Proposal LR60365, Revision B, Aerojet-General

Corporation, Sacramento, California, 18 December 1961, CONFIDENTIAL.

(5C8276)

Propulsion Development Department Review (u), Report NOTS TP 3778, United

States Naval Ordnance Test Station, China Lake, California, March 1965,

CONFIDENTIAL. (5-C3954)
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Positive Expulsion Experience at the United States Naval Ordnance

Test Station _u_, Dettline, R. F., NAVWEPS Report 8653, NOTS TP 3695,

United States Naval Ordnance Test Station, China Lake, California,

DeCember 1964, CONFIDENTIAL. (5C3953)

Physico-Chemical Characterization of High-Energy Storable Propellants (u_,

Silverman, J., Report 6218-2, Rocketdyne, Division of North American

Aviation, Inc., Canoga Park, California, October 1965, Contract

AF 04(611)-10544, CONFIDENTIAL. (5C7882)

Propulsion Development Department Review _u_, Report NOTS TP 3778,

United States Naval Ordnance Test Station, China Lake, California,

February 1965, CONFIDENTIAL. (5C3916)

Product Engineering Program (u_, Aitken, A. J., Report 031-0626, Aerojet-

General Corporation, Sacramento, California, December 1962, CONFIDENTIAL.

(5C7919)

I
I

I

I
I

I
I

I
I

P28

P29

P30

P31

P32

Propulsion Development Department Review (u), Report NOTS TP 3901,

United States Naval Ordnance Test Station, China Lake, California,

August 1965, CONFIDENTIAL. (5C8063)

Propulsion Development Department Review, Report NOTS TP 3840, Chapter i,

United States Naval Ordnance Test Station, China Lake, California,

June 1965. (5C6887)

Product Engineerin_ Program (u), Aitken, A. J., Report 031-0626, Aerojet-

General Corporation, Sacramento, California, 7 January 1963, CONFIDENTIAL.

Product Engineering Program (u), Dean, L. E., Report 024, Aerojet-General

Corporation, August 1962, CONFIDENTIAL. (5C7771)

Propulsion Development (u), Report NOTS TP 3428, United States Naval

Ordnance Test Station, China Lake, California, 1963, CONFIDENTIAL.

(5C1735)
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Physico-Chemical Characterization of High-Energy Storable Propellants,

Silverman, J., Report 5468-5, Rocketdyne Division, North American

Aviation, Inc., Canoga Park, California, November 1964, Contract

AF 04(611)-9380. (5CI183)

Production of Alumizine by Continuous Mix Process, Proposal SRR64782,

Aerojet-General Corporation, Sacramento, California, November 1964.

(4C8258)

Propulsion Development Department Review (u), Report NOTS TP 3595,

United States Naval Ordnance Test Station, China Lake, California,

May 1964, CONFIDENTIAL. (4C9789)

Propulsion Development Department Review (u), Report NOTS TP 3641,

United States Naval Ordnance Test Station, China Lake, California,

August 1964, CONFIDENTIAL. (4C8258)

Physico-Chemical Characterization of High-Energy Storable Propellants (u),

Silverman, J., Report 5468-4, Rocketdyne Division, North American

Aviation, Inc., Canoga Park, California, August 1964, Contract

AF 04(611)-9380, CONFIDENTIAL. (4C9289)

Propellant Orientation and Pressure Relief Systems for Zero-Gravity

Application, Proposal LR640116, Aerojet-General Corporation, Sacramento,

California, 9 March 1964. (4U3386)

Physico-Chemical Characterization of High-Energy Storable Propellants (u),

Silverman, J., et al., Report 5468-2, Rocketdyne Division, North American

Aviation, Inc., Canoga Park, California, February 1964, Contract

AF 04(611)-9380, CONFIDENTIAL. (4C3362)

Propulsion Development Department Review <u), Report NOTS TP 3496,

United States Naval Ordnance Test Station, China Lake, California,

March 1964, CONFIDENTIAL. (4C5557)
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Propellants Division Quarterly Progress (u), Report NOTS TP 2562,

United States Naval Ordnance Test Station, China Lake, California,

July 1963, CONFIDENTIAL. (4C2231)

Propellants Division Quarterly Progress (u_, Report NOTS TP 3250,

TPR-319, United States Naval Ordnance Test Station, China Lake,

California, July 1963, CONFIDENTIAL. (4C0695)

Packaged Liquid Propulsion Symposium _u_, CPIA Publication No. 13,

Chemical Propulsion Information Agency, Silver Spring, Maryland,

March 1963, Contract NOw 62-0604, CONFIDENTIAL. (4C0700)

Propulsion Development Department Review (u_, Report NOTS TP 3425,

United States Naval Ordnance Test Station, China Lake, California,

December 1963, CONFIDENTIAL. (4CI069)

Propulsion Development Department Review (u_, Report NOTS TP 3382,

United States Naval Ordnance Test Station, China Lake, California,

September 1963, CONFIDENTIAL. (4CI068)

Propellant Division Quarterly Progress (u_, Report NOTS TP 3320,

TPR-332, United States Naval Ordnance Test Station, China Lake,

California, October 1963, CONFIDENTIAL. (4CI067)

Propellants Division Quarterly Progress (u), Report NOTS TP-3002,

United States Naval Ordnance Test Station, China Lake, California,

September 1962, AD 332 859, CONFIDENTIAL.

Second Progress Report of Research Leading to the Development of

Hi_h-Performance Hybrid Propellant System (u), NAVWEPS Report 7936,

NOTS TP 2669, United States Naval Ordnance Test Station, China Lake,

California, May 1963, CONFIDENTIAL. (4CI064>
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Propulsion Development Review (u_, Report NOTS TP 3257, United States

Naval Ordnance Test Station, China Lake, California, June 1963,

CONFIDENTIAL. (3C8592)

Packaged Liquid Propellants (u_, Tannenbaum, S., Report RMD 5005F,

Reaction Motors Division, Thiokol Chemical Corporation, Denville,

New Jersey, September 1962, Contract NOw-62-0785c, CONFIDENTIAL.

(3C4307)

Propellants Division Quarterly Progress (u_, Report TPR 299 NOTS TP 3096,

United States Naval Ordnance Test Station, China Lake, California,

December 1962, CONFIDENTIAL. (3C2701)

Propellants Division Quarterly Progress (u), Report TPR 310, NOTS TP 3155,

United States Naval Ordnance Test Station, China Lake, California,

March 1963, CONFIDENTIAL. (3C3905)

Performance and Properties of N204/AeroZINE 50 and Selected Metallized
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P55

Storables (u), Report LRP 302, Aerojet-General Corporation, Sacramento,

California, i March 1963, Contract AF 04(611)-8191, CONFIDENTIAL.

(3C3148)

Packaged Liquid Propellants (u._, Tannenbaum, S., Report RMD 5005-Q-I,

Reaction Motors Division, Thiokol Chemical Corporation, March 1962,

Contract NOw 62-0785-c, CONFIDENTIAL. (3C0929)

Packaged Liquid Propellants (u_, Tannenbaum, S., Report RMD 5005-Q-2,

Reaction Motors Division, Thiokol Chemical Corporation, June 1962,

Contract NOw 62-0785-c, CONFIDENTIAL. (3C0792)

Product Engineerin_ Final Report (u), Report No. 652/SA4-2.2-F-I,

Aerojet-General Corporation, June 1963, Contract AF 04(642)-652/SA4,

CONFIDENTIAL.
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Quarterly Progress Report (u), Canavan, J. J., et al., Report QPR 1-64,

Liquid Rocket Propulsion Laboratory, Dover, New Jersey, March 1964,

CONFIDENTIAL. (4C5728)

Quarterly Progress Report (u), Canavan, J. J. et al., Report QPR 1-64,

Liquid Rocket Propulsion Laboratory, Dover, New Jersey, December 1963,

CONFIDENTIAL. (4C3409)

Quarterly Progress Report (u), Canavan, J. J. et al., Report 3-63,

Liquid Rocket Propulsion Laboratory, Picatinny Arsenal, Dover, New Jersey,

September 1963, CONFIDENTIAL. (4C0370)

Quarterly Progress Report (u), Report 6218-4, Rocketdyne Division,

North American Aviation, Inc., April 1966, Contract AF 04(611)-10544.

CONFIDENTIAL. (6C2873)

Research and Development Program on Thixotropic Propellants (u),

Technidyne, Inc., West Chester, Pennsylvania, i December through

29 February 1964, Contract NOw-64-0172, CONFIDENTIAL. (4C4054)

Research and Development of High-EnerEy Torpedo Propellants (u),

Tannenbaum, S., Report RMD 5033-Q-3, Reaction Motors Division, Thiokol

Chemical Corporation, 24 October 1963 through 23 January 1964, Contract

NOw 63-0417, CONFIDENTIAL. (4C6820)

Research and Development Program on Thixotropic Propellants (u),

Technidyne, Inc., West Chester, Pennsylvania, 1 March through 31 May

1964, Contract NOw-64-0172-c, CONFIDENTIAL. (4C7486)

Research and Development Program on Thixotropic Propellants (u),

Report QR-N-308-3, Aeroprojects, Inc., West Chester, Pennsylvania,

16 October 1959 to 15 January 1960, Contract NOas 59-6159-c,

CONFIDENTIAL. (25939)
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Research and Development Program on Thixotropic Propellants (u),

Tarpley, W. B., McKinney, C. D., and Pheasant, R., Final Report 62-15,

Aeroprojects, Inc., West Chester, Pennsylvania, May 1962, Contract

NOw-61-0506-c, CONFIDENTIAL. (2-5141)

Research and Development Program on Thixotropic Propellants (u),

Final Report RR 60-38, Aemoprojects, Inc., West Chester, Pennsylvania,

1 July through 30 September 1962, Contract NOas 62-0706-c, CONFIDENTIAL.

(2C9474)

Research and Development Program on Thixotropic Propellants (u),

Final Report RR 60-38, Aeroprojects, Inc., West Chester, Pennsylvania,

June 1960, Contract NOas 59-6159-c, CONFIDENTIAL. (2C9052)

Research on Storable Liquid Bipropellant Systems (u), Report 2737,

(Report AFRPL-TDR-64-26), Aerojet-General Corporation, Azusa,

California, February 1964, Final Report, Contract AF 04(611)-8529,

CONFIDENTIAL. (4C6069)

Research and Development Program on Thixotropic Propellants (u),

Report QR-N-331-1, Aeroprojects, Inc., West Chester, Pennsylvania,

12 April to ii July 1961, Contract NOw-61-0506-c, CONFIDENTIAL. (1-6314)

Research and Development Program on Thixotropic Propellants (u),

Report 61-38, Aeroprojects, Inc., West Chester, Pennsylvania, June 1961,

Contract N0as-60-6122-c, CONFIDENTIAL.

Research and Development Program on Thixotropic Propellants (u),

Report QP-N-317-1, Aeroprojects, Inc., West Chester, Pennsylvania,

April 1960 to July 1960, Contract NOas-60-6122-c, CONFIDENTIAL. (1-0266)

Research and Development Program on Thixotropic Propellants,

Report QR-N-317-2, Aeroprojects, Inc., West Chester, Pennsylvania,

15 July to 14 October 1960, Contract NOas-60-6122-c. (1-1665)
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Research and Development Program on Thixotropic Propellants, Report

QR-N-317-3, Aeroprojects, Inc., West Chester, Pennsylvania, 15 October

1960 to 14 January 1961, Contract NOw-61-0506-c, CONFIDENTIAL. (1-3042)

Research and Development Program on Thixotropic Propellant, Report

QR-N-331-3, Aeroprojects, Inc., West Chester, Pennsylvania, 12 October

1961 to ii January 1962, Contract NOw-61-0506-C. (2-1896)

Research and Development Program on Thixotropic Propellants, Report

QR-N-331-2, Aeroprojects, Inc., West Chester, Pennsylvania, 12 July to

ii October 1961, Contract NOw 61-0506-c, CONFIDENTIAL. (1-8053)

Radiation of Propellants and Propellants/Seals (u), Cornelius, G. K.,

et al., Report AFRPL-JR-64-146, Aerojet-General Corporation, Azusa,

California, 30 October 1964, Contract AF 04(611)-9364, CONFIDENTIAL.

(10633)

Research in Conventional and Unconventional Fuels (_,Teske, E. W.,

Final Report BRL-AF-9567, Texaco, Inc., Texaco Research Center, Beacon,

New York, December 1964, Contract AF 04(611)-9567, CONFIDENTIAL.

(5C5622)

Research on Alanizine Formualtions (u), Rosenberg, S. D., et al.,

Special Report NO3, Aerojet-General Corporation, Azusa, California,

January 1966, Contract DA-04-495-AMC-255(Z), CONFIDENTIAL. (6C1224)

Research and Development Program on Thixotropic Propellants (u_,

McKinney, C. D., Research Final Report 65-15, Technidyne, Inc.,

Subsidiary of Aeroprojects, Inc., West Chester, Pennsylvania, February

1965, Contract NOw 64-0172-c, CONFIDENTIAL. (5C2637)

Recommendations on New Rocket Technology (u_, Presentation to AFRPL,

Aerojet-General Corporation, Sacramento, California, 1 October 1964,

CONFIDENTIAL. (5CI132)
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Research and Development of High-Energy Torpedo Propellants (u),

Tannenbaum, S., Report RMD 5033F, Reaction Motors Division, Thiokol

Chemical Corporation, Denville, New Jersey, March 1964, Contract

NOw 63-0417, CONFIDENTIAL. (4C8562)

Research in Conventional and Unconventional Fuels (u), Heisler, R. Y.,

Report T-4473, Texaco, Inc., Beacon, New York, 30 June 1964, Contract

AF 04(611)-9567, CONFIDENTIAL.

Research in Conventional and Unconventional Fuels (u), Heisler, R. Y.,

et al., Report T-4698, Texaco, Inc., Beacon, New York, September 1964,

Contract AF 04(611)-9567, CONFIDENTIAL. (4C9829)

Research and Development Program on Thixotropic Propellants (u),

Report QR-N-353-3, Technidyne, Inc., West Chester, Pennsylvania,

31 August 1964, Contract NOw 64-0172-c, CONFIDENTIAL. (4C9126)

Recommended Technology Programs for Liquid Rocket Propulsion Programs (u),

FY 1966, Aerojet-General Corporation, Sacramento, California, 2 October

1964 CONFIDENTIAL. (4C9303)

Research in Conventional and Unconventional Fuels (u), Caffrey, J. M.,

et al., Report T-4308, Texaco Research Center, Beacon, New York,

March 1964, AF 04(611)-9567, CONFIDENTIAL. (4C6791)

Research in Conventional and Unconventional Fuels (u), Caffrey, J. M.,

et al., Report T-4142, Texaco Research Center, Beacon, New York,

31 December 1963, Contract AF 04(611)-9567, CONFIDENTIAL. (4C6790)

Research and Development Program on Thixotropic Propellants (u),

Tarpley, W. B., et al., Final Report RR 63-31, Aeroprojects, Inc.,

West Chester, Pennsylvania, September 1963, Contract NOw 62-0706-c,

CONFIDENTIAL. (3C7892)
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Research on Storable Liquid Bipropellant Systems (u), Lawrence, R. W.,

Report 2615, Aerojet-General Corporation, Azusa, California, June 1963,

Contract AF 04(611)-8529, CONFIDENTIAL. (3C5841)

Research and Development Program on Thixotropic Propellants (u),

Technidyne, Inc., West Chester, Pennsylvania, i March through 31 May

1964, Contract NOw-64-0172-c, CONFIDENTIAL. (4C7486)

Research and Development ProKram on Thixotropic Propellants (u),

Report QR-N-308-3, Aeroprojects, Inc., West Chester, Pennsylvania,

16 October 1959 to 15 January 1960, Contract NOas 59-6159-c,

CONFIDENTIAL. (25939)

Research on Hi_h-Density Liquid Propellant Gels (u), Buedette, G. W.,

NAVWEPS Report 7945, NOTS TP 2982, United States Naval Ordnance Test

Station, China Lake, California, January 1963. (3C4048)

Research and Development ProKram on Thixotropic Propellants (u),

Report QR-N-342-3, Aeroprojects, Inc., West Chester, Pennsylvania,

31 December 1962, Contract NOw 62-0706-c, CONFIDENTIAL. (3C1576)
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S1 Study of the Heterogoneous and Homogeneous Catalysis of the Pentaborane-

Hydrazine Reaction, Final Report (u), Report 3547, Rocketdyne Division,

North American Aviation, Inc., Canoga Park, California, November 1962,

Contract AF 04(611)-6008, CONFIDENTIAL. (4C9766)

$2 A Study of the Encapsulation Applicable to Liquid Rocket Fuel,

Hsieh, P. Y., Interim Report No. 4, The National Cash Register Company,

Dayton, Ohio, July 1962, Contract NOnr 2848 (00), (2U9880)

$3 Second Progress Report of Research Leading to the Development of High-

Performance Hybrid Propellant Systems (u), NOTS TP 2969 NAVWEPS Report

7936, United States Naval Ordnance Test Station, China Lake, California,

May 1963, CONFIDENTIAL. (4CI064)

$4 Stability of LMH-2 in Liquid Carriers (u), Frey, F. W., Report ER794,

Ethyl Corporation, Baton Rouge, Louisiana, May 1965, Contract AF 04(611)-

10543, CONFIDENTIAL. (5C7879)

$5 A Study of the Effects of Engine Parameters on Two-Phase Flow

Performance Losses Using N_04/Alumizine Propellants (u), Valentine, R. S.,

e__[tal, Report 11205-Q-I, Aerojet-General Corporation, Sacramento,

California, 15 December 1965, Contract AF 04(611)-11205, CONFIDENTIAL.

(6C1242)

$6 Stability of LMH-2 in Liquid Carriers (u), Frey, F. W., Report EC-842,

Ethyl Corporation, Baton Rouge, Louisians, August 1965, Contract

AF 04(611)-10543, CONFIDENTIAL. (6C1911)

S7 A Study of the Effects of Engine Parameters on Two-Phase Flow Performance

Using N204/Alumizine Propellants (u), Ditore, M. J., Report I1205-Q-2,

(Report AFRPL-JR-66-60), Aerojet-General Corporation, Contract AF 04(611)-

11205, 15 March 1966. CONFIDENTIAL (6C2119)
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A Study of the Effects of Engine Parameters on Two-Phase Flow Performance

Losses Using N204/Alumizine Propellants, Proposal LR651521A, Aerojet-

General Corporation, Sacramento, California, 26 April 1965. (5U3917)

A Study of the Effect of Engine Parameters on Two-Phase Flow Performance

Losses Using N204/Alumizine Propellants, Proposal LR651521B, Volume I,

Aerojet-General Corporation, Sacramento, California, 7 July 1965.

(5U5148)

A Study of the Effects of Engine Parameters on Two-Phase Flow Performance

Losses Usin_ N204/Alumizine Propellants, Proposal LR651521, Aerojet-

General Corporation, Sacramento, California, 31 March 1965. (5U3268)

A Study of the Effects of Engine Parameters on Two-Phase Flow Performance

Losses Using N204/Alumizine-43 Propellants, Aerojet-General Corporation,

Sacramento, California, 17 February 1965, (5U3251)

Studies in Hybrid Combustion, Fabelka, R. J., NAVWEPS Report 8541,

NOTS TP 35_0, United States Naval Ordnance Test Station, China Lake,

California, September 1964, Contract NI23(60530)29155A, (5U0020)

Small Liquid Mobile ICBM (u), Aerojet-General Corporation, Sacramento,

California, Ii May 1965, No contract, CONFIDENTIAL. (5C6667)

Study of Reverse Hybrid Propulsion System (u), Report RMD 5042-F, Reaction

Motors Division, Thiokol Chemical Corporation, Denville, New Jersey,

May 1965, Contract NOw 64-0211c, CONFIDENTIAL. (5C7706)

Study of Reverse Hybrid Propulsion.System (u), Report RMD 5042-QTSR-4,

Reaction Motors Division, Thiokol Chemical Corporation, December 1964,

Contract NOw 64-0211-c, CONFIDENTIAL. (5C2948)
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Space Vehicle Propulsion Compartment Fire Hazard Investigation,

Martinkovic, Paul J., Report RPL TDR-64-103, Air Force Rocket Propulsion

Laboratory, Edwards Air Force Base, California, July 1964. (4U9165)

Study of Reverse Hybrid Propulsion System (u), Tunkel, S. J., Report

RMD 5042, QTSR-2, Reaction Motors Division, Thiokol Chemical Corpora-

tion, Denville, New Jersey, June 1964, Contract NOw 64-0211-c,

CONFIDENTIAL. (4C8996)

Sloshing Behavior of Thixotropic Fluid with Analytical Comparisons,

Thoren, A. R., Martin Company Report TM 30-13-63, Contract AF 04(694)-

314, November 1963. (7U1918)

Thrust Chamber Design Report (u), Livingston, F. W., Aerojet-General

Corporation, Sacramento, California, No date, Contract AF 04(694)-212,

CONFIDENTIAL. (5C4655)

Theoretical Studies of Long-Duration Engines (u), Platzek, H. M., et al,

NAVWEPS Report 7817, NOTS TP 2824, United States Naval Ordnance Test

Station, China Lake, California, November 1964, CONFIDENTIAL. (5C4487)

Titan II-A Predevelopment Programs (u), Proposal LR63059C, Aerojet-General

Corporation, Sacramento, California, 1 July 1963, CONFIDENTIAL. (3C6309)

Technical Status Report of Propulsion Laboratory (u), Report RK-TPR-65-1,

United States Army Missile Command, Redstone Arsenal, Alabama, December

1964, CONFIDENTIAL. (5C4778)

Titan II-A Predevelopment Program (u), Proposal LR63059, Aerojet-General

Corporation, Sacramento, California, January 1963, CONFIDENTIAL. (6C0201)

Technical Status Report (u), Report RK-TPR-65-2, United States Army

Missile Command, Redstone Arsenal, Alabama, March 1965, CONFIDENTIAL.

(3C2823)
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Theoretical Liquid Propellant Performance Calculations (u), Nyberg, D. G.,

NAVWEPS Report 8588, NOTS TP 3597, United States Naval Ordnance Test

Station, China Lake, California, October 1964, CONFIDENTIAL. (5C1555)

Thixotropic Water Atomization Experiments, Culver, D. W. Report TCR

9624-004, Proposal LR63111, Aerojet-General Corporation, Sacramento,

California, March 1963, No contract, (4U8286)

Thixotropic Rocket Propulsion Study, Greer, H., Report SSD-TDR-63-370,

Aerospace Corporation, E1 Segundo, California, February 1964, Contract

AF 04(695)-269. (4C6785)

Tank Drainage for Thixotropic Propellants (u_, Gepe, R. A., Report

RMD 5037-Q-2, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, February 1964, Contract AF 04(611)-9099,

CONFIDENTIAL. (4C5636)

Titan II-A Predevelopment Program (u), Proposal LR63059B, Aerojet-

General Corporation, Sacramento, California, 5 June 1963, CONFIDENTIAL.

(4C2343)

Thixotropic Packaged Liquid Propellants (u), Tannenbaum, S., Report

RMD 5020-Q-3, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, Contract N600(19)59348, CONFIDENTIAL. (3C9280)

Thixotropic Propellants and Unit Operations, Report 62-24(c), Bell

Aerosystems Company, April 1963, Contract AF 33(657)-8555. (3U7566)

Thixotropic Packaged Liquid Propellants (u), Tannenbaum, S., Report

RMD 5020-Q-2, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, March 1963, Contract N600(19)59348, CONFIDENTIAL.
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Thixotropic Packaged Liquid ProRellants (u), Tannenbaum, S., Report

RMD 5020-Q-I, Reaction Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, December 1962, Contract N600(19)59348,

CONFIDENTIAL. (3C6633)

Tank Drainage for Thixotropic Propellants (u), Report AFRPL-TDR-64-133,

Reaction Motors Division, Thiokol Chemical Corporation, Denville,

New Jersey, August 1964, Contract AF 04(611)-9099, CONFIDENTIAL.

(4C9619)

Thixotropic Packaged Liquid Propellants (u), Tannenbaum, S., Report

RMD 5020-E, Reactions Motors Division, Thiokol Chemical Corporation,

Denville, New Jersey, N600(19)59348, CONFIDENTIAL. (4C4032)

Technical History: Chapter 3 - Propulsion Development (u), Report

NOTS TP 3119, United States Naval Ordnance Test Station, China Lake,

California, 1962, CONFIDENTIAL. (4C2651)

Tank Drainage for Thixotropic Propellants (u), Report 5037-Q-I RMD,

Reactions Motors Division, Thiokol Chemical Corporation, Denville,

New Jersey, Contract AF 04(611)-9099, CONFIDENTIAL. (4C2244)

Titan IIA Predevelopment Information Quarterly Report No. 1 (u), Report

9200-16-63, Aerojet-General Corporation, Sacramento, California,

18 October 1963, Contract AF 04(694)-212, CONFIDENTIAL. (3C9002)

The Vehicle Staged Performance of a Rocket Propellant System,

Kleinknecht, G. L., et al., Report TM8/9204, Aerojet-General Corporation,

Sacramento, California, 8 January 1964. (4U2600)

Weapon System I07A-2, Second Quarterly Review, 25 August through

23 October 1962 (u), Aerojet-General Corporation, Sacramento, California,

15 November 1962, Contract AF 04(647)-652/SA4, CONFIDENTIAL. (3C0311)
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Appendix B

Weapon System I07A-2 (u), Report 652/SA4-2.2-M-7, Aerojet-General

Corporation, Sacramento, California, 17 December 1962, Contract

AF 04(647)-652, CONFIDENTIAL. (3C6283)

Weapon System I07A-2 (u), Report 652/SA4-2.2-M-6, Aerojet-General

Corporation, Sacramento, California, 20 November 1962, Contract

AF 04(647)-652, CONFIDENTIAL. (2C9899)

Weapon System I07A-2 (u), Report 652/SA4-2.2-M-4, Aerojet-General

Corporation, Sacramento, California, i November 1962, Contract

AF 04(647)-652, CONFIDENTIAL. (2C9206)

Weapon System I07A-2 (u), Report 652/SA4-2.2-M-5, Aerojet-General

Corporation, Sacramento, California, 14 November 1962, Contract

AF 04(647)-652, CONFIDENTIAL. (2C9579)

Weapon System I07A-2 (u), Report 652/SA4-2.2-M-2, Aerojet-General

Corporation, Sacramento, California. (2C6623)

Weapon System I07A2 (u), Report No. 652/SA4-2.2-M-9, Aerojet-General

Corporation, Sacramento, California, January 1963. (3C2351)

Weapon System I07A2 (u), Report 6521/SA4-2.2-Q-3, Aerojet-General

Corporation, Sacramento, California, February 1963. (3C2727)
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